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Preface 


Wiley Physical Chemistry for JEE (Main & Advanced) is a comprehensive text for understanding Physical Chemistry 
with focus on development of problem-solving skill. The purpose of adaptation of this book is to make the learning 
experience more complete and help students develop a thought process about a given concept and build an aptitude 
to apply the same to solve a problem. The adaptation adds the distilled teaching expertise of the author to the original 
text, supplementing it with additional concepts and solved problems at appropriate places based on his experience of 
learning pattern of the students and obstacles in their learning curve. 


A compelling reason for any author to write a book (especially when the author is a teacher too) is to help the student 
learn using the book without the assistance of a teacher. It has been an enriching journey so far, learning at different 
levels, as a student, as a teacher and now as an adapting author of this book. 


Competitive examinations like the JEE (Main and Advanced) have a knack of testing the fundamental concepts. Thus, 
a student should learn to solve every question with the most basic and logical approach. There is no substitute for hard 
work, and thus, a variety of problems are given to master the concepts for the students. At this juncture, I would also 
like to emphasize the value of discipline when following this book. 


This book contains the following key features: 


(a) A detailed, relevant, lucid and up to date coverage of the concepts as per the JEE curriculum. Figures, graphs, 
schematic representations, molecular representations and tables have been suitably inserted to help the student 
familiarize and understand the practical application of the concepts. 


(b) Solved Examples: Ample are provided after important concepts. The students should try to go carefully through 
these examples as illustrations. 


(c) Solved Objective Questions from previous year papers: This section will help the student to get acquainted with 
the actual JEE questions and to test the skills learnt in the chapter. 


(d) Review Questions: This section will help to revise the basic concepts of the chapter. I advise every student to go 
back and read the concepts for every question, which he/she is not able to solve in this section 


(e) Numerical Problems: This section tests the skill level of students to do more challenging subjective problems. 


(f) Additional Objective Questions: This section tests the skills of the students to do challenging objective problems 
as per the latest JEE pattern. 
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(g) Revision Tests: This is a new feature of the adaptation, comprising of chapter-wise tests based on each chapter, 
provided at the end of the book (Appendix A). It helps in a holistic revision of all the chapters of Physical 
Chemistry after the completion of the syllabus for students. It covers all question-types as per JEE requirements 
and serves as the ultimate revision tool for any JEE candidate 

(h) Additional Practice Problems: This is also an additional feature of the adaptation, comprising a selected set of 
numerical problems arranged chapter-wise at the end of the book (Appendix B). Solving these as part of their 
revision would equip students to solve any type of problem and approach JEE with confidence. 


I hope that the students would benefit from the experience of learning “Physical Chemistry for JEE (MAIN & 
ADVANCED)?’ I will be grateful for all the readers (particularly students) for their evaluation, of this book. Their 
comments, criticism and suggestions will be incorporated in the subsequent editions. 


And finally to each and every student, who attempts to read this book, remember, 


Every time you try and fail, you are still a step ahead than the person who has not tried. So keep trying! 


ACKNOWLEDGEMENTS 
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and family. Many people have contributed to this endeavor of making this project a reality. I must express my heartfelt 
gratitude to my parents for helping me reach where I am today. Many thanks to my wife (who is also my life) Ashwini, 
for constantly encouraging me to pursue my dreams, having faith in me, pushing me beyond my limits (as per the sec- 
ond law of thermodynamics) and bearing with my analogies of Chemistry for life. 


Vipul Mehta 
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Mole Concept- 


Chemistry is the science that deals with the composition, structure 
and properties of matter; the reactions by which one substance is 
converted into another; and the energy associated with matter. To 
understand chemistry, it is important to study matter which is made 
up of atoms and molecules. This matter is subject to the laws of 
nature, which originate from reproducible quantitative measure- 
ments. Measurements consist of two parts — numbers and specific 
units. The magnitude and the manipulation of the numbers we use 
in chemistry from the beginning point of our study. 


1.1 | BASIC CONCEPTS 


Matter and its Nature 


Matter is anything that occupies space and has mass. It is what our 
universe is made of. All substances that we encounter, whether natural 
(e.g., trees, ocean, air, people, etc.) or synthetic (e.g., paper, cloth, etc.) 
are matter. Matter exists in three physical states — solid, liquid and gas. 


1. A solid is composed of matter where the particles are close 
together and remain in relatively fixed positions. Movement of 
the particles is very restricted and confined mostly to vibra- 
tions about these positions. Because of the fixed positions of 
the particles, solids have a definite shape and a definite volume. 


2. A liquid is composed of matter where the particles are close 
together but are able to move past one another. Because of the 
movement of the particles, liquids flow and take the shape of 
the lower part of a container. Liquids have a definite volume 
but not a definite shape. 


3. A gas is made up of atoms or molecules that are not all close 
to one another and move independently in all directions with 
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random motion. The particles in gases fill a container uniformly. Gases have neither a definite volume nor a definite 


shape. 


These three states can be converted from one form to the other by altering temperature and pressure. The temperature 
at which a pure substance changes from one physical state to another is a fundamental and constant physical property. 
A substance melts when it changes from the solid to the liquid state and freezes when it changes from the liquid to the 
solid state. At a higher temperature, the liquid begins to boil. Boiling occurs when bubbles of vapor form in the liquid 
and rise to the surface. In the reverse process, the change from the gaseous state to the liquid state when it is cooled 


is known as condensation. 


Thousands of distinct kinds of matter exist and can be broadly classified as mixtures and pure substances (Fig. 1.1). 


| Matter | 


Pure substances Mixtures of two 
(homogeneous composition) or more substances 


! 


Solutions 
(homogeneous 
composition — 

one phase) 


Elements Compounds 


Heterogeneous 
mixtures 
(two or more 
phases) 


Figure 1.1 Classification of matter. 


1. Pure substance is a particular kind of matter with a definite, fixed composition. Unlike mixtures, the components 
of pure substances cannot be separated by physical methods; however, they can be separated by chemical meth- 


ods. These substances can be either elements or compounds. 


(a) Elements are substances that contain only one kind of particles — atoms or molecules. For example, oxygen in 
the atmosphere, aluminium in aluminium foil, iron in nails, copper in electrical wires, and so on. Elements are 


the fundamental building blocks from which all other substances are made. 


Imagine cutting a piece of gold metal in half and then repeating this process again and again and again. 
In theory, we should eventually end up with a single gold atom. If we tried to split this atom in half, we would 
end up with something that no longer retains any of the properties of gold. An atom, in other words, is the 


smallest particle that can be used to identify an element. 


(b) Compounds are substances that contain more than one element combined in 
fixed proportions. Water, for example, is composed of the elements hydrogen 
and oxygen in the ratio of two atoms of hydrogen to one atom of oxygen 
(Fig. 1.2). If we tried to divide a sample of water into infinitesimally small por- 
tions, we would eventually end up with a single molecule of water containing 
two hydrogen atoms and one oxygen atom. If we tried to break this molecule 
into its individual atoms, we would no longer have water. A molecule is, there- 
fore, the smallest particle that can be used to identify a compound. 


Both elements and compounds have a constant composition. Water, for example, is 
always 88.8% oxygen by weight, regardless of where it is found. No matter where it 
comes from, salt always contains 1.54 times as much chlorine by weight as sodium. 
Pure substances also have constant chemical and physical properties. Pure water 
always freezes at 0°C and boils at 100°C at atmospheric pressure. 

It can be seen that a compound contains atoms of an element in fixed ratio, which 
characterize its physical and chemical properties, making them distinct from its con- 
stituting elements. For example, water is liquid whereas its constituents hydrogen and 
oxygen are gases. Similarly, oxygen is used for combustion, while water acts as a fire 


extinguisher. 
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Figure 1.2 Atoms combine 
to form molecules. Water 
molecule consists of one 
oxygen atom and two 
hydrogen atoms. 
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2. Mixture is a material containing two or more substances and can be either heterogeneous or homogeneous. 
Mixtures are variable in composition. If we add a spoonful of sugar to a glass of water, a heterogeneous mixture is 
formed immediately. The two phases are a solid (sugar) and a liquid (water). But upon stirring, the sugar dissolves 
to form a homogeneous mixture or solution. Both substances are still present. 


(a) A homogeneous mixture is the same throughout and the components disperse uniformly into each other. Ina 
typical homogeneous mixture, the mixing extends all the way to the molecular level. When table salt is added 
to water, it forms a solution. A solution usually refers to homogeneous mixtures with one liquid phase. Thus 
components of a solution cannot be separated by filtration. However, the two components can be separated 
by a laboratory procedure called distillation. 

(b) A heterogeneous mixture is a non-uniform mixture containing two or more components where portions of 
each component are large enough to be detected, although some magnification may be necessary. Oil and 
water mixture and soil are examples of heterogeneous mixtures. Soil is made up of bits of sand, some black 
matter, and perhaps pieces of vegetation. One can easily detect several solid phases with the naked eye. Other 
examples of heterogeneous mixtures are carbonated beverages (liquid and gas) and muddy water (liquid and 
solid). Heterogeneous mixtures can often be separated into their components by simple laboratory proce- 
dures. For example, suspended solid matter can be removed from water by filtration. In some cases, centrifuga- 
tion method is used to separate heterogeneous mixtures. 


Solved Example [ey] 


Define (a) matter, (b) element, (c) compound, (d) mixture, (c) A compound is a pure substance that is composed of 


(e) homogeneous solution and (f) heterogeneous mixture. two or more elements in some fixed or characteristic 
Label each of the following compounds as a substance, proportion. 
heterogeneous mixture or a solution: (d) Mixtures result from combinations of pure sub- 


(i) Seawater (ii) Phosphorus (iii) Air (iv) Bromine stances in varying proportions. 


ey Conciete (e) A homogeneous mixture has one phase. It has the 


Solution same properties throughout the sample. 


(f) A heterogeneous mixture has more than one phase. 
The different phases have different properties. 
(b) An element is a pure substance that cannot be The compounds are classified as: 


decomposed into something simpler. (i) Solution (ii) Substance (iii) Heterogeneous mix- 
ture (iv) Substance (v) Heterogeneous mixture 


Solved Example Ez 


Buckyballs are used in nanotechnology. One type of bucky- Solution 
ball has the chemical formula C,,. Briefly discuss the classi- 
fication of buckyballs into elements, atoms, molecules and 
compounds. 


(a) Matter has mass and occupies space. 


Buckminster fullerene or buckyball is an allotrope of the ele- 
ment carbon, andis a molecule containing same type of atoms. 
Thus, it can be classified both as element as well as molecule. 


Solved Example ese 


Identify the following as homogeneous or heterogeneous mix- Distillation method is used for separating the 

ture and suggest a technique for separating their compounds. components. 

(a) Alcohol and water (b) Chalk and table salt ~ Heterogeneous mixture 

(b) Chalk and table salt Filtration method is used for separating the 
components. 


(c) Pigments in a bucket of paint : . ; : 
(c) Pigments in a bucket of paint ~ Heterogeneous mixture 


Solution Centrifugation method is used for separating the 


. components. 
(a) Alcohol and water — Homogeneous mixture P 
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Solved Example | 1-4 | 


What do each of the boxes in Fig. 1.3 represent? Solution 


(a) This represents gaseous molecules moving randomly. 
(b) This represents solid with tightly packed spheres. 


(c) This represents a gaseous compound with atoms and 
molecules moving randomly. 


(d) This represents a heterogeneous mixture of two 
elements. 


(d) (©) ee 
fasted! [TT 


Figure 1.3 (e) This represents a homogeneous mixture of an ele- 
ment and a compound. 


Dalton’s Atomic Theory 


The concept of atoms began nearly 2500 years ago when certain Greek philosophers expressed the belief that matter 
is ultimately composed of tiny indivisible particles, and it is from the Greek word atomos, meaning “not cut? that the 
word atom is derived. At the beginning of the 19th century, John Dalton (1766-1844), an English scientist, used the 
Greek concept of atoms to make sense out of the laws of conservation of mass and definite proportions. He reasoned 
that if atoms really exist, they must have certain properties to account for these laws. He described such properties 
which together constitute the Dalton’s atomic theory: 


1. Matter consists of tiny particles called atoms. 


2. In any sample of a pure element, all the atoms are identical in mass and other properties. The atoms of different 
elements differ in mass and other properties. 


3. When atoms of different elements combine to form compounds, new and more complex particles form. However, 
in a given compound the constituent atoms are always present in the same fixed numerical ratio. 


4. Atoms are indestructible. In chemical reactions, the atoms rearrange but they do not themselves break apart. 
Dalton’s theory easily explained the laws of chemical combination as discussed in Section 1.2. 


1. To explain the law of conservation of mass: According to the theory, a chemical reaction is simply a reordering 
of atoms from one combination to another. If no atoms are gained or lost and if the masses of the atoms cannot 
change, then the mass after the reaction must be the same as the earlier mass. This explanation of the law of con- 
servation of mass works so well that it serves as the reason for balancing chemical equations. 


2. To explain the law of definite proportions: According to the theory, a given compound always has atoms of the 
same elements in the same numerical ratio. Suppose that two elements, A and B, combine to form a compound in 
which the number of atoms of A equals those of B (i.e., the atom ratio is 1:1). If the mass of a B atom is twice that 
of an A atom, then every time we encounter a sample of this compound, the mass ratio (A to B) would be 1:2. This 
same mass ratio would exist regardless of the size of the sample, so in samples of this compound, the elements A 
and B are always present in the same proportion by mass. 


Solved Example | 4-5 | 


What assumption of Dalton was known to be an error? for atoms of the same element to have a different number 
of neutrons and hence different masses. 
Solution 


Dalton’s assumption that all atoms of the same element 
are identical in mass is an error. For example, it is possible 
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Solved Example | 1-6 | 


How was Dalton’s atomic theory able to explain the law If no atoms are gained or lost and if the masses of the atoms 
of conservation of mass? cannot change, then the mass after the reaction must be the 


same as the earlier mass. 
Solution 


According to the theory, a chemical reaction is simply a 
reordering of atoms from one combination to another. 


Concept of Atom, Molecule, Element and Compound 


While discussing pure substances, we had introduced the terms atoms, molecules, elements and compounds. In this 
section, we understand their composition which affects their physical and chemical properties. 

Atoms combine to form molecules. It can be seen that a compound contains atoms of an element in fixed ratio, 
which characterize its physical and chemical properties, making them distinct from its constituting elements. Atomicity 
for an elementary substance is defined as the number of atoms in a molecule of an element. For example, water mol- 
ecule consists of one oxygen atom and two hydrogen atoms. where water is liquid whereas its constituents hydrogen 
and oxygen are gases. Similarly, oxygen is used for combustion, while water acts as a fire extinguisher. 

Properties, that is, the characteristics of substances are classified as either physical or chemical. 


1. Physical properties are the in-built characteristics of a substance that can be determined without altering its com- 
position; they are associated with its physical existence. Common physical properties include color, taste, odor, 
states of matter (solid, liquid or gas), density, melting point and boiling point. For example, a physical property is 
the ability of a substance (such as water) to get converted into different physical states (such as water vapor and 
ice) without changing its composition. 

2. Chemical properties describe the ability of a substance to form new substances, either by reaction with other 
substances or by decomposition. For example, a chemical property of the element iron is its tendency to react 
with oxygen from the air in the presence of water to form rust (a compound composed of iron and oxygen). The 
conversion of rust back into iron and oxygen is a difficult chemical process. In some cases, chemical properties 
relate to the absence of specific changes. For example, a chemical property of the element gold is that it maintains 
its lustrous appearance because it resists rusting or tarnishing. 


Another way of classifying a property is according to whether or not it depends on the size of the sample under study. 


1. Extensive property: A property that depends on the size. For example, two different pieces of gold can have dif- 
ferent volumes, but both have the same characteristic shiny yellow color and both will begin to melt if heated to 
same temperature. Volume is said to be an extensive property. 


2. Intensive property: A property that is independent of sample size. For example, color, freezing point, and boiling 
point are examples of intensive physical properties that can help us identify substances. Chemical properties are 
also intensive properties and also can be used for identification. 


For identification purposes, intensive properties are more useful than extensive ones because every sample of a given 
substance exhibits the same set of intensive properties. 


Solved Example ez 


Identify the following as either a physical or a chemical (e) Gold does not rust. 


property. (f) Carbon dioxide freezes at —78°C. 
(a) Diamond is one of the hardest known substances. (g) Tinis a shiny, gray metal. 

(b) Carbon monoxide is a poisonous gas. (h) Sulphur burns in air. 

(c) Soap is slippery. (i) Aluminium has a low density. 
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Solution reactivity of a substance either with other substances or 
to give other substances. 

(a) physical; (b) chemical; (c) physical; (d) chemical; 
(e) chemical; (f) physical; (g) physical; (h) chemical; 
(i) physical 


Physical properties are characteristic properties possessed 
by substances. A physical property can be measured and 
used to characterize a pure substance without reference 
to other substances. A chemical property governs the 


Solved Example [aeS] 


What is smallest particle used to identify (a) an element (b) Molecule is the smallest particle used to identify a 
and (b) a compound? compound. 


Solution 


(a) Atom is the smallest particle used to identify an element. 


Representation of Physical Quantities 


An important step in the scientific method is observation. In general, observations fall into two categories — 
qualitative and quantitative. Qualitative observations, such as the color of a chemical or that a mixture becomes hot 
when a reaction occurs, do not involve numerical information and are usually of limited value. More important are 
quantitative observations, or measurements, which yield numerical data. In chemistry, we make various measure- 
ments that aid us in describing both chemical and physical properties. Both the number and the unit are essential 
parts of the measurement, because the unit gives the reported value a sense of size. For example, if you were told 
that the distance between two points is 25, you would naturally ask “25 what?” The distance could be 25 inches, 
25 meters, 25 kilometers, or 25 of any other unit that is used to express distance. A number without a unit is really 
meaningless. 

A measurement determines the quantity, dimensions or extent of something, usually in comparison to a specific 
unit. A unit is a definite quantity adopted as a standard of measurement. Thus, a measurement (e.g., 1.23 meters) 
consists of two parts: a numerical quantity (1.23) followed by a specific unit (meters). However, measurements can be 
inexact; they contain uncertainties (also called errors). One source of uncertainty is associated with limitations in our 
ability to read the scale of the measuring instrument. Uncontrollably changing conditions at the time of the measure- 
ment can also cause errors that are more important than scale reading errors. For example, if you are measuring a 
length of wire with a ruler, you may not be holding the wire perfectly straight every time. 


Scientific Notation 


Scientists often use numbers that are very large or very small in measurements. For example, the earth’s age is estimated 
to be about 4,500,000 (4.5 billion) years or mass of a hydrogen atom is estimated to be 0.00000000000000000000000 
0167 Numbers like these are bulky to write, so to make them more compact scientists use powers of 10. Writing 
a number as the product of a number between 1 and 10 multiplied by 10 raised to some power is called scientific 
notation. 

To learn how to write a number in scientific notation, let us consider the number 24989. To write this number in 
scientific notation: 


1. Move the decimal point in the original number so that it is located after the first non-zero digit. 
24989 — 2.4989 (decimal moves four places to the left) 


2. Multiply this new number by 10 raised to the proper exponent (power). The proper exponent is equal to the 
number of places that the decimal point was moved. 


2.4989 x 10° 
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3. The sign on the exponent indicates the direction the decimal was moved. 


Positive exponent (like in the above case) indicates decimal was moved to the left 


Negative exponent indicates decimal was moved to the right 
We follow the same rules as exponents according to the kinds of arithmetic being performed. 


1. Multiplication and division: For multiplying and dividing two scientific notations, the numerals are multiplied 
or divided, while the exponents are added or subtracted. For example, the product of 2.25 x 10“ and 3.25 x 10° 
would be 


(2.25 x 3.25) x 104* = 73125 x 10° 


Similarly on dividing 2.25 x 10~ by 3.25 x 10°, we get 
(2.25 + 3.25) x 104- = 0.6923 x 10? 


2. Addition and subtraction: For adding or subtracting two numbers, the exponents must be made same, so that they 
can be taken out as a common factor. For example, to obtain the sum of 2.25 x 10“ and 3.25 x 10°, we make the 
exponents same as follows: 

225 x 10° +3.25 x 10° 
or 
2.25 x 10* + 0.0325 x 107 


So, the common factor 10° or 10~ can be taken out, and the sum can be calculated as 


(225 + 3.25) x 10°° = 228.25 x 10° = 2.2825 x 10% 
or 
(2.25 + 0.0325) x 104 = 2.2825 x 10+ 


Hence, we can see that the two ways of addition essentially give the same sum. Similarly, for subtraction, the expo- 
nents are first made same, and then the difference is calculated. 


(225 — 3.25) x 10° = 221.75 x 10°° = 2.2175 x 10% 
or 
(2.25 — 0.0325) x 10 = 2.2175 x 104 


Solved Example | 1-9 | 


Express the following numbers in scientific notation (one Solution 


digit to the left of the decimal point): (a) 157 (b) 0.157, (a) 1.57 x 10°: (b) 1.57 x 107: (c) 3.00 x 107: (d) 4.0 x 107: 


(c) 0.0300, (d) 40,000,000 (two significant figures), 2. 4, 10, “4 
(e) 0.0349, (£) 32,000, (g) 32 billion, (h) 0.000771, (i) 2340. Serer EP AD A eek LT AO 


Precision and Accuracy 


Two terms often used in reference to measurements are accuracy and precision. Accuracy refers to how close a meas- 
urement is to the true or correct value. Precision refers to how closely repeated measurements of a quantity come to 
each other and to the average. Notice that the two terms are not equivalent, because the average does not always cor- 
respond to the true or correct value. 

For measurements to be accurate, the measuring device must be carefully calibrated (adjusted) so it gives correct 
values when a standard reference is used with it. For example, to calibrate an analytical balance, a known reference 
mass is placed on the balance and a calibration routine within the balance is initiated. Once calibrated, the balance 
will give correct readings, the accuracy of which is determined by the accuracy of the standard mass used. Standard 
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reference masses (also called “weights”) can be purchased from scientific supply companies. For measurements to be 
precise, the uncertainty (i.e., the “plus or minus” part of the measurement) should be smaller. 

We usually assume that a very precise measurement is also of high accuracy. We can be wrong, however, if our 
instruments are improperly calibrated. For example, an improperly marked ruler might yield measurements which 
vary by a hundredth of a centimeter (+0.01 cm), but all the measurements would be too large by 1 cm. Hence, this 
improperly marked ruler will yield measurements that are each wrong by one whole unit. The measurements might be 
precise, but the accuracy would be very poor. 


Solved Example 


An improperly marked ruler yielded measurements 
which vary by a hundredth of a centimeter (+0.01 cm). 
Would the measurements taken by the ruler be accurate 
or precise? 


However, since the ruler is not calibrated properly, the 
measurements are not accurate. For properly calibrated 
instruments, a very precise measurement is also of high 
accuracy. 


Solution 


All the measurements would be too large by 1 cm. Thus, 
the measurements taken would be precise with +0.01 cm. 


Solved Example 


Consider the following three archery targets in Fig. 1.4: Solution 


eo 
e 


Figure 1.4 


Both Figures II and III have large number of archery 
marks concentrated at one region, so they are highly pre- 
cise. However, Figure III has density of dots closer to the 
target, so it is more accurate. 


Which figure(s) represent a result having high precision? 


Significant Figures 


Significant figures (or significant digits) are digits in a number that results from a measurement which are known with 
certainty. Since all measurements involve uncertainty, we must use the proper number of significant figures in each 
measurement. The uncertainty in a measurement is denoted by writing the digits known for sure plus one that is esti- 
mated. For example, consider the following two temperature measurements, the first measurement, 24.3°C, has three 


significant figures; the second, 24.32°F bas fou sei EME yplusdiscounts 
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Rules for Counting Significant Figures 


Rule 1: All non-zero digits are significant. For example, in the two temperature measurements discussed above to 
understand uncertainty, the first measurement, 40.2°C, has three significant figures; and the second, 40.23°C, 
has four significant figures. 

Rule 2: All zeros between non-zero digits are significant. For example, 

204 has three significant figures (2, 0, 4) 
3.06 has three significant figures (3, 0, 6) 
62.08 has four significant figures (6, 2, 0, 8) 


Rule 3: All zeros at the end of a number that includes a decimal point are significant. For example, 
0.400 has three significant figures (4, 0, 0) 
4.00 has three significant figures (4, 0, 0) 
40 has two significant figures (4, 0) 


However, zeros at the end of a number without a decimal point are not significant. For example, 
9000 has one significant figure (9) 
590 has two significant figures (5, 9) 


Rule 4: All zeros before the first non-zero digit are not significant. These zeros are used to locate a decimal point: 
0.0035 has two significant figures (3, 5) 
0.0208 has three significant figures (2, 0, 8) 


Rule 5: Some numbers are called exact numbers and have an infinite number of significant figures. Exact numbers 
occur in simple counting operations; when you count Rs. 25, you have exactly Rs. 25. Exact numbers have no 
uncertainty. These are represented by placing as many zeros as possible after the number and the decimal point, 
such as 25.0000. 


These rules are applied in case of arithmetic operations, such as multiplication, division, addition and subtraction 
as follows. 


1. For addition and subtraction: The answer should have the same number of decimal places as the quantity with the 
fewest number of decimal places. For example, consider the following addition of measured quantities. 


3.247 
41.36 
+125.2 << (This number has only 1 decimal place.) 


169.8 <——— (This answer has been rounded to 1 decimal place.) 


In this calculation, the digits beneath the 6 and the 7 are unknown; they could be anything. (They are not neces- 
sarily zeros because if we knew they were zeros, then zeros would have been written there.) Adding an unknown 
digit to the 6 or 7 will give an answer that is also unknown, so for this sum we are not justified in writing digits in 
the second and third places after the decimal point. Therefore, we round the answer to the nearest tenth. 

2. For multiplication and division: The number of significant figures in the answer should not be greater than the 
number of significant figures in the least precise measurement. Let us look at a typical problem involving some 
measured quantities. 


3 Significant figures 4 Significant figures 
3.142.751 
———— =13 
0.64 


ee 


2 Significant figures 


The result displayed on a calculator is 13.49709375. However, the least precise factor, 0.64, has only two significant 
figures, so the answer should have only two. The correct answer, 13, is obtained by rounding off the calculator 


answer. 
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Solved Example 1-12 


What is the difference between 5.0 g and 5.00 g? measurement than 5.00 g because it has less number of 
significant digits. 
Solution 


The difference is that 5.0 g has two significant digits and 
5.00 g has three significant digits; and 5.0 g has less precise 


Limiting the Result by Rounding Off the Value 


When we do calculations on a calculator, we often obtain answers that have more digits than are justified. It is, there- 
fore, necessary to remove the excess digits in order to express the result by limiting it to proper number of significant 
figures. When digits are removed from a number, the value of the last digit retained is determined by a process known 
as rounding off numbers. The rules for rounding off numbers in order to limit the result are as follows: 


Rule 1: When the first digit after those you want to retain is 5 or greater, that digit and all others to the right are removed 
and the last digit retained is increased by one. The following examples are rounded off to four significant digits: 


1.026868 = 1.027 18.02500 = 18.03 
A____ These three digits are removed. A__ These three digits are removed. 
This digit is changed to 7 This digit is changed to 3. 
12.899 = 12.90 


{ A___ This digit is removed. 
These two digits are changed to 90. 


Rule 2: When the first digit after those you want to retain is 4 or less, that digit and all others to its right are removed. 
The last digit retained is not changed. The following examples are rounded off to four significant digits: 


74.693 = 74.69 1.00629 = 1.006 


This digit is removed. ae These two digits are removed. 


Rule 3: When the first digit after those you want to retain is 5, that digit and all others to its right are removed. The last 
digit retained is not changed if it is an even number and increased by 1 if it is an odd number. The following 
examples are rounded off to four significant digits: 


1.024568 = 1.024 bas a 


A —_ These three digits are removed. 
These three digits are removed. This digit is changed to 4 
This digit is retained. : 


Solved Example 1-13 | 


Perform the following arithmetic and round off the 23.4 ¢ + 102.4 g+0.003 g 

answers to the correct number of significant figures. (d) 6.478 mL 

Include the correct units with the answers. 

(a) 0.0023 mx 315 m (e) (313.44 cm — 209.1 cm) x 8.2234 cm 

(b) 84.25 kg — 0.01075 kg eaten 

(c) (184.45 g—94.45 g) 5 _ r 
(314mL—9.9 mL) (a) 0.72 m*; (b) 84.24 kg; (c) 4.2 g mL”; (d) 19.42 g mL’; 


(e) 8577 cm’. 
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Solved Example 1-14 


An electronic balance used in the mailroom displays Solution 
tenths of a kilogram from 0 to 140 kg. How many signifi- 
cant figures should be used to express the mass of any 
package whose mass is between 80.2 and 83.5 kg.? 


Solved Example 1-15 | 


What is the result when the expression, 412.272 + 0.00031 Solution 
— 1.00797 + 0.000024 + 12.8 is evaluated? 


Since there are 3 significant digits in 80.2 and 83.5 so the 
answer should also contain 3 significant digits. 


The sum obtained after calculation is 424.06458. After 
rounding off, we get the result as 424.1 with 4 significant 
digits. 


The International System of Units (S.I.) 


In science, and in every industrialized nation on the earth, metric-based units are used. The advantage of working with 
metric units is that converting to larger or smaller units can be done simply by moving a decimal point, because metric 
units are related to each other by simple multiples of 10. Besides, it has one unit of measurement for each physical 
quantity and scalability by prefixes. However, it was important that a common system be devised for use across the 
world. 

In 1960, a simplification of the original metric system was adopted by the 11th General Conference on Weights 
and Measures (an international body). It is called the International System of Units, abbreviated S.I. from the French 
name, Le Systéme International d’Unités. The S.I. is now the dominant system of units in science and engineering, 
although there is still some usage of older metric units. 

As its foundation, the S.I. has a set of base units (Table 1.1) for seven measured quantities. 


Table 1.1 The S.1. base units 


Measurement Unit Symbol Description 
Length (/) meter m The distance traveled by light during a precisely specified time interval. 
Mass (7) kilogram kg A platinum-iridium standard mass kept near Paris. For measurements on an 


atomic scale, the atomic mass unit, defined in terms of the atom carbon-12, is 
usually used. 


Time (s) second S The oscillations of light emitted by an atomic (caesium-133) source. Accurate 
time signals are sent worldwide by radio signals keyed to atomic clocks in 
standardizing laboratories. 


Electric current (J) ampere A The constant current which, if maintained in two straight parallel conductors 
of infinite length, of negligible circular cross-section, and placed 1 m apart in 
vacuum, would produce between these conductors a force equal to 2 x 107 
newton per meter of length. 


Temperature (T) kelvin K The fraction 1/273.16 of the thermodynamic temperature of the triple point of 
water. 

Amount of mole mol The amount of substance of a system which contains as many elementary entities 

substance (1) as there are atoms in 0.012 kilogram of carbon-12 

Luminous candela cd The luminous intensity, in a given direction, of a source that emits monochromatic 

intensity (/,) radiation of frequency 540 x 10" hertz and that has a radiant intensity in that 


direction of 1/683 watt per steradian. 
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The prefixes commonly used in S.I. units are shown in Table 1.2. 


Table 1.2 Common prefixes and numerical values for S.|. units 


Prefix Symbol Numerical value Power of 10 equivalent 
yotta BY 1,000,000,000,000,000,000,000,000 10” 
zeta Z 1,000,000,000,000,000,000,000 107 
exa B 1,000,000,000,000,000,000 10" 
peta 12 1,000,000,000,000,000 10° 
tera sll 1,000,000,000,000 10” 
giga G 1,000,000,000 10° 
mega M 1,000,000 10° 
kilo k 1,000 10° 
hecto h 100 10° 
deka da 10 10’ 
- - il 10° 
deci d 0.1 10" 
centi c 0.01 10° 
milli m 0.001 10° 
micro m 0.000001 102 
nano n 0.000000001 10° 
pico P 0.000000000001 10” 
femto it 0.000000000000001 10° 
atto a 0.000000000000000001 10 
zepto Zz 0.000000000000000000001 107" 
yocto y 0.000000000000000000000001 Or’ 


The prefixes most commonly used in chemistry are shown in bold. 


Solved Example 1-16 | 


Which physical quantities do the following units arc and is abbreviated parsec 1 Parsec = 3.08 x 10° m 
represent? = 3.26 light years. 

(a) Parallactic second (b) Solar day (b) Solar day represents the time which elapses between 
(c) Lunar month (d) Leap year two successive returns of the Sun to the local meridian. 


(c) Lunar month represents the time between two full 


Solution moons or two new moons. 


(a) Parallactic second is not the unit of time. Itisaunitof (d) Leap year represents the year in which additional 
distance corresponding to a parallex of one second of day is added to synchronize it with seasonal year. 


Solved Example 247] 


Which of the following are base units and which are derived? (b) Derived. It is a S.I. derived unit for force. 
(a) dyne } (b) newton (c) ampere (c) Base. It is an S.I. base unit for current. 
fay square coutmmeter MSP cancels (d) Derived. It is a S.I. derived unit for area. 


Sclition (e) Base. It is an S.I. base unit for luminous intensity. 


(a) Derived. It is a CGS unit for force. 
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Physical Quantities and Their Measurements 
Mass and Weight 


Although we often use mass and weight interchangeably in our everyday lives, they have quite different meanings in 
chemistry. In science we define the mass of an object as the amount of matter in the object. Mass is measured on an 
instrument called a balance. The weight of an object is a measure of the effect of gravity on the object. Weight is deter- 
mined by using an instrument called a scale, which measures force against a spring. This means mass is independent of 
the location of an object, but weight is not. 

Mass is measured by comparing the weight of a sample with the weights of known standard masses. The operation 
is called weighing, and the apparatus used is called a balance (Fig. 1.5). The sample is placed on the left pan and some 
standard masses are added to the right pan. When the weight of the sample and the total weight of the standards match 
each other, their masses are then equal. 

In the S.I., the base unit for mass is the kilogram (kg), although the gram (g) is a more conveniently sized unit for 
most laboratory measurements. One gram, of course, is 1/1000 of a kilogram (1 kilogram = 1000 g, so 1 g must equal 
0.001 kg). 


Rider carrier 


Rider 
carrier 
Beam 
knob 
Pan 
Leveling screw Pan release Beam release Pointer and scale 


Figure 1.5 A traditional two-pan analytical balance capable of measurements to the nearest 0.0001 g. 


Volume 


Volume is a derived unit with dimensions of (length)’. With these dimensions expressed in meters, the derived S.I. unit 
for volume is the cubic meter, m’. In chemistry, measurements of volume usually arise when we measure amounts of 
liquids. Some commonly used laboratory apparatus used for measuring volume are given in Fig. 1.6. Graduated cyl- 
inders are used to measure volumes to the nearest milliliter. Precise measurements of volume are made using burets, 
pipets, and volumetric flasks. 

The traditional metric unit of volume used for this is the liter (L). In S.I. terms, a liter is defined as exactly 1 cubic 
decimeter. 


1 L=1000 dm? 


However, even the liter is too large to conveniently express most volumes measured in the lab. The glassware we nor- 
mally use, such as that illustrated in Fig. 1.6, is marked in milliliters (mL). 


1L=1000 mL 
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etiecy 


Graduated Volumetric 
cylinder Burette Pipette flask 


Figure 1.6 Laboratory apparatus measuring volume. 


Because 1 dm = 10 cm, then 1 dm’ = 1000 cm’. Therefore, 1 mL is exactly the same as 1 cm’. 


1 cm? =1 mL 
1 L=1000 cm? = 1000 mL 


Density 


Density is defined as the ratio of an object’s mass to its volume. Density (p) is a physical characteristic of a substance 
and may be used as an aid to its identification. When the density of a solid or a liquid is given, the mass is usually 
expressed in grams and the volume in milliliters or cubic centimeters. 


__Mas 8 4 5-8 
Poise ai ae 


3 


The S.I. units of density is the ratio of the S.I. units of mass and volume, and is given by kg m~. 

Each pure substance has its own characteristic density (Table 1.3). Gold, for instance, is much more dense than 
iron. Each cubic centimeter of gold has a mass of 19.3 g, so its density is 19.3 g cm™. By comparison, the density of 
water is 1.00 g cm” and the density of air at room temperature is about 0.0012 g cm™. There is more mass in 1 cm’ of 
gold than in 1 cm’ of iron. 


Table 1.3 Densities of some common substances in g cm™ at room temperature 
Substance Water Aluminium Tron Silver Gold Glass Air 
Density 1.00 2.70 786 10.5 19.3 Dep 0.0012 


Since the volume of a substance (especially liquids and gases) varies with temperature, it is important to state the tem- 
perature along with the density. For example, the volume of 1.0000 g of water at 4°C is 1.0000 mL; at 20°C, it is 1.0018 mL 
and at 80°C, it is 1.0290 mL. Density, therefore, also varies with temperature. Most substances, such as the mercury 
in the bulb of a thermometer, expand slightly when they are heated, so the amount of matter packed into each cubic 
centimeter is less. Therefore, density usually decreases slightly with increasing temperature. For solids and liquids the 
size of this change is small, as you can see from the data for water in Table 1.4. 


Table 1.4 Density of water as a function of temperature 
Temperature (°C) 10 15 20 DS 30 
Density of water (g cm’) 0.999700 0.999099 0.998203 0.997044 0.995646 
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Temperature 


Temperature is usually measured with a thermometer. Thermometers are graduated in degrees according to one of 
two temperature scales. Both scales use as reference points the temperature at which water freezes and the tempera- 
ture at which it boils. On the Celsius scale water freezes at 0°C and boils at 100°C (Fig. 1.7) On the Fahrenheit scale, 
water freezes at 32°F and boils at 212°F. The S.I. unit of temperature is the kelvin (K), which is the degree unit on the 
Kelvin temperature scale. 


Kelvin, K Celsius, °C Fahrenheit, °F 
DN nN nN 


373K | /------- 100°C 


ZN 


Semcon 212°F ----»> Water boils 


310K 37.0°C 


98.6°F ‘ree body 
temperature 


100 Degrees 
100 Degrees 
180 Degrees 


| 


a 


273 K | @ f------- O°C | @ f------- 32°F | @ }---- »> Water freezes 


gs eae FNMA STS TENS TMT SEES 
5 
; 

Somes 


Figure 1.7 Comparison among Kelvin, Celsius and Fahrenheit temperature scales. 


Figure 1.7 shows how the Kelvin, Celsius, and Fahrenheit temperature scales relate to each other. It can be seen that on 
the Celsius scale, there are 100 degree units between the freezing and boiling points of water, while on the Fahrenheit 
scale this same temperature range is spanned by 180 degree units. Consequently, 5 Celsius degrees are the same as 
9 Fahrenheit degrees. We can use the following equation as a tool to convert between these temperature scales. 


le = (= Te tee (2D) 
In this equation, 7;, is the Fahrenheit temperature and T; is the Celsius temperature. The 32°F is added to account for 
the fact that the freezing point of water (0°C) occurs at 32°F on the Fahrenheit scale. 

Notice that the kelvin is exactly the same size as the Celsius degree. The only difference between these two tem- 
perature scales is the zero point. The zero point on the Kelvin scale is called absolute zero and corresponds to nature’s 
coldest temperature. So, negative temperature is not possible, unlike in Celsius scale. It is 273.15 degree units below the 
zero point on the Celsius scale, which means that 0°C equals 273.15 K, and 0 K equals —273.15°C. Thermometers are 
never marked with the Kelvin scale, so to convert from Celsius to Kelvin temperatures, the following equation applies: 


Bo= (ie 27515°C) ( “4 (1.2) 
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This amounts to simply adding 273.15 to the Celsius temperature to obtain the Kelvin temperature. Often, we are 
given Celsius temperatures rounded to the nearest degree, in which case we round 273.15 to 273. Thus, 25°C equals 
(25 + 273) K or 298 K. 


Solved Example 1-18 | 


A sample of nickel weighs 6.5425 g and has a density of 
8.8 g cm”. What is the volume? Report the answer to cor- 
rect decimal place. 


Solution 


Given that mass of the nickel sample, m = 6.5425 g, 
density of nickel, d = 8.8 g cm”. Let the volume of the 


sample be V. Now using the relation for density, d= m/V, 
we get 
m_ 6.5425 g 


a = 88 gem 0.74 cm? 


Solved Example 1-19) 


The water level in a metric measuring cup is 0.75 L before 
the addition of a pebble weighing 150 g. The water level 
after submerging the pebble is 0.82 L. Determine the den- 
sity of the pebble in g mL”. 


Solution 


The volume displaced by the pebble = 0.82 — 0.75 = 0.07 L 
=70 mL. 


Mass of the pebble = 150 g. 
Therefore, density of the pebble is 


MESO ops at 


Density = ———— = 
y Volume 70 


Solved Example 1-20) 


In a recent accident, some drums of uranium hexafluor- 
ide were lost in the ocean containing cold water of about 
17°C. The melting point of uranium hexafluoride is 148°F. 
In what physical state is the uranium hexafluoride in these 
drums? 

(a) solid 
(c) gas 


(b) liquid 
(d) a mixture of solid and liquid 


Solution 


First, we convert 17°C to Fahrenheit temperature. 
9 ° 
T; = Ce ee 62.6°F 


This temperature is well below the melting point of ura- 
nium, so the state of UF, in these drums is solid. 


Solved Example 1-21 


On a new temperature scale (°Z), water boils at 120.0°Z 
and freezes at 40.0°Z. Calculate the normal human body 
temperature using this temperature scale. 


Solution 


Given that 0°C = 120.0°Z and 100°C = 40.0°Z. For the 
range of freezing of water to boing of water, the tempera- 
ture range in °Z = 120 — 40 = 80°F. 


For 1°Z, the temperature in °C = a =1.25°C 
The normal body temperature for humans is 37°C. 


So, the same reading in °Z is os = 29.6°Z above freez- 


ing temperature. 
Therefore, body temperature = 29.6 + 40 = 69.6°Z 


https://telegram.me/unacademyplusdiscounts 


Telegram @unacademyplusdiscounts 


1.1 | Basic Concepts 


Dimensional Analysis 


After analyzing a problem and collecting the necessary information to solve it, the next step is working the problem 
to obtain the result. For numerical problems, scientists usually use a system called the factor label method or unit 
factor method or dimensional analysis to help perform the correct arithmetic operations. In these methods, we treat 
a numerical problem as one involving a conversion of units from one kind to another. To do this, we use one or more 
conversion factors to change the units of the given quantity to the units of the result. 


(Given quantity) x (Conversion factor) = (Desired quantity) (1.3) 
A conversion factor is a fraction formed from a valid relationship or equality between units and is used to switch 


from one system of measurement and units to another. For instance, suppose we want to express a person’s height of 
72.0 inches in centimeters. To do this, we need the relationship between the inch and the centimeter. 


1 in. = 2.54 cm 
By dividing both sides by 1 in., we get 
1- 2.54 cm 
Lin. 


This is the conversion factor which is 2.54cm/1 in. It is also called unit factor as its value is equal to 1. Conversely, on 
dividing both sides by 2.54 cm, we get another conversion factor (or unit factor) as 1 in./2.54 cm. On multiplying any 
quantity by these unit factors, its magnitude would not change as such, only, the units would change. Thus, we can 
express 72 in. in terms of centimeter as 


2.54 cm 


72 in. Xx = 182.88 cm = 183 cm 


Notice that we have canceled the unit inches. The only unit left is centimeters, which is the unit we want for the answer. 
The result, therefore, is the person’s height in centimeters. 


Note: Units behave just as numbers do in mathematical operations; this is a key part of the factor-label method. 
One of the benefits of the factor-label method is that it often lets you know when you have done the wrong arith- 
metic. It lets us know we have the wrong answer because the units are wrong! 


Solved Example zzz] 


Use the factor label method to perform the following (c) We know that 10 mm = 1 cm; 2.54 cm = 1 in. and 


conversions: (a) 3.00 yd to inches, (b) 1.25 km to centim- 12 in. = 1 ft. Therefore, 
eters, (c) 3.27 mm to feet, and (d) 20.2 miles (gallon)" to ; 
kilometers (liter) ”. Sofa ih 
10mm 2.54cm 12 in. 

Salician (d) We know that 1 mile = 1.609 km and 1 gallon =3.785 L, 
(a) Weknow that 3 ft=1 yd and 12 inches =1 ft. Therefore, therefore, 

3.00 ydx a ft ue 12 in. _ 108 in. 70.2 miles . 1.609 km . 1 gallon _ 8.59 km I-72 

lyd lft gallon 1mile — 3.785 L 
(b) We know that 1 km = 1000 m and 1 m = 100 cm, 
therefore, 
125 nie a i on 
1km 1m 
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Solved Example 1-23 | 


Use the factor-label method to convert an area of 124 ft” Solution 
to square meters. (Hint: What relationships would be 


: An area of 124 ft’ is converted in the following way: 
required to convert feet to meters?) 7 q pe 


2 2 
1242} (a5) = 11.5 m* 
1 100 


Solved Example 1-24 | 


Silver has a density of 10.5 g cm™. Express this as an 2 Oda et 1m 1km_ )/ 3600s 
equivalence between mass and volume for silver. Write (a) 32.0dm.s”) 10 dm /\ 1000 m 1h 


two conversion factors that can be formed from this =i sia 
equivalence for use in calculations. Perform the following 
: 6 
— osm SE 
(a) 32.0dms'tokmh'! me g 


Z 6 ef 
(b) 8.2mg mL" to pg L" = 8.2x10° ug L 


(c) 75.3 mg to kg (c) (75.3 mo) 1g I Ikg ) =7.53x10° kg 


(d) 1375 mL to L 1000 mg /\ 1000 g 

(e) 0.025 LtomL Perea eee eee 
(f) 342 pm’ to dm? i lal imac) 
Solution (e) (0.025 L( Aen") =25 mL 


Given that 10.5 g silver = 1 cm’ silver. Therefore, 


1x10"? m ie dm 
1m 


2 
10.5 g Ag aa 1cm* (f) 342 pm" | = 3.42x10°° dm? 


1cm* 10.5 g Ag ae 


1.2 | MOLE - BASIC INTRODUCTION 


Laws of Chemical Combinations 


The experimental observations of many scientists in the 18th and early 19th centuries led to the discovery of some 
basic laws of that governed the combinations of atoms in formation of compounds. 


Law of Conservation of Mass 


Antoine Lavoisier conducted several experiments on combustion to put forward this law in 1789. The law of conserva- 
tion of mass states that no detectable gain or loss of mass occurs in chemical reactions, that is, mass is conserved. This 
means that if a chemical reaction takes place in a sealed vessel that permits no matter to enter or escape, the mass of 
the vessel and its contents after the reaction will be identical to its earlier mass. When scientists were able to make sure 
that all substances, including any gaseous reactants and/or products, were included when masses were measured, the 
law of conservation of mass could be truly tested. 


Law of Definite Proportions 


Joseph Proust worked on two samples of cupric carbonate (CuCO,) — one natural and the other synthetic — and found 
that both the samples contained the same percentage composition of Cu (51.35%), C (38.91%) and O (9.74%). Thus, 
whether the samples were prepared by natural or synthetic means, the composition never altered. This discovery led 
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him to formulate the law of definite proportions which states that in a given chemical compound, the elements are 
always combined in the same proportions by mass. It is also known as law of definite composition. 


Law of Multiple Proportions 


The observations made by studying other elements that form more than one compound with each other form the basis 
of the law of multiple proportions given by Dalton in 1803 which states that: Whenever two elements form more than 
one compound, the different masses of one element that combine with the same mass of the other element are in the 
ratio of small whole numbers. 

Suppose a molecule of sulphur trioxide contains one sulphur and three oxygen atoms, and a molecule of sulphur 
dioxide contains one sulphur and two oxygen atoms. If we had just one molecule of each, then our samples each would 
have one sulphur atom and, therefore, the same mass of sulphur. Now, on comparing the oxygen atoms, we find that they 
are in anumerical ratio of 3:2. However, because all the oxygen atoms have the same mass, the mass ratio must also be 3:2. 


Gay-Lussac’s Law of Gaseous Volumes 


J.L. Gay—Lussac (1778-1850) was a French chemist who studied the volume relationships of reacting gases. His results, pub- 
lished in 1809, were summarized in a statement known as Gay—Lussac’s law of gaseous volumes, which states that: When 
measured at the same temperature and pressure, the ratios of the volumes of reacting gases are small whole numbers. 

Thus, H, and O, combine to form water vapor in a volume ratio of 2:1. Similarly, H, and Cl, react to form HCl in 
a volume ratio of 1:1; and H, and N, react to form NH, in a volume ratio of 3:1. 


Hydrogen + Oxygen—— Water 
2 volume 1 volume 2 volumes 


2H, (g)+0,(g) > H,O(g) 


Note: Gay—Lussac’s law of combing volumes of gases can be considered as law of definite proportions by volume. 
The only difference with the law of definite proportions discussed earlier is that this law is with respect to volume, 
while the earlier one was with respect to mass. 


Avogadro's Law 


Two years later, in 1811, Amedeo Avogadro (1776-1856) used Gay-—Lussac’s law of combining volumes of gases to 
make a simple but significant generalization concerning gases known as Avogadro’s law, which states that: Equal 
volumes of different gases at the same temperature and pressure contain the same number of molecules. This law was 
a real breakthrough in understanding the nature of gases. 


1. It offered a rational explanation of Gay—Lussac’s law of combining volumes of gases and indicated the diatomic 
nature of such elemental gases as hydrogen, chlorine and oxygen. 


2. It provided a method for determining the molar masses of gases and for comparing the densities of gases of 
known molar mass. 


3. It afforded a firm foundation for the development of the kinetic molecular theory. 


Solved Example | 1-25 | 


The element molybdenum (Mo) combines with sulphur Solution 
(S) to form a compound commonly called molybdenum 
disulphide which used in specialized lithium batteries. 
A sample of this compound contains 1.50 g of Mo for 
each 1.00 g of S. If a different sample of the compound 
contains 2.50 g of S, how many grams of Mo does it 
contain? Mass of Mo 


2.50 g of S 


The first sample has a Mo to S mass ratio of 1.50 g of 
Mo/1.00 g of S. In the second sample, we know the mass of 
S (2.50 g) and the mass of Mo is unknown. The mass ratio 
of Mo to S in the second sample is, therefore, 
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Now we equate them, because the two ratios must be 
equal according to law of definite proportions. 


Mass of Mo _ 1.50 g of Mo 
2.50 g of S 1.00 gofS 


elegram @unacademyplusdiscounts 


Solving for the mass of Mo gives 


1.50 g of Mo 


Mass of Mo = 2.50 g of Sx 
1.00 gofS 


= 3.75 g of Mo 


Solved Example 1-26 | 


1.80 g of a certain metal burnt in oxygen gave 3.0 g of 
its oxide. 1.50 g of the same metal heated in steam gave 
2.50 g of its oxide. Which law is shown by this data? 


Solution 


In the first sample of oxide, we have weight of metal = 
1.80 g and weight of oxygen = (3.0 — 1.80) g = 12 g. 
Therefore, 


Weight of metal 1.80g © 15 
12g 


Weight of oxygen 


In the second sample of the oxide, weight of metal = 1.50 g 
and weight of oxygen = (2.50 — 1.50) g = 1.2 g. Therefore, 


Weight of metal 1.50 g © 15 
10g — 


Weight of oxygen 


Thus, in both samples of the oxide the proportions of the 
weights of the metal and oxygen a fixed. Hence the results 
the law of constant proportion. 


Solved Example 227] 


Phosphorus trichloride contains 22.57% of phosphorus, 
phosphine (PH,) contains 91.18% of phosphorus, while 
hydrogen chloride gas contains 97.23% of chlorine. Prove 
by calculations, which law is illustrated by these data. 


Solution 


1 g of phosphorus will combine with hydrogen 
91.18 


—— = 10.33 g 

8.82 
1 g of phosphorus will combine with chlorine 
_ 77.43 _ 3.43 

22.57 


Atomic and Molecular Masses 


Ratio of masses of hydrogen and chlorine that 
will combine with fixed mass of phosphorus will be 
_ 10.33_3_ 4.4 

3.43 1 
Since hydrogen chloride gas contains 97.23% of chlorine 
therefore the ratio of hydrogen and chlorine in hydrogen 


chloride will be = 22 — Es) = 36:1 
2.77 1 


Thus the ratios 3:1 and 36:1 are simple multiple of each 
other. Therefore, the above data illustrates the law of 
reciprocal proportion. 


To further our discussion on atoms and molecules defined at the beginning of the chapter, we discuss the atomic and 


molecular masses in this section. 


Atomic Mass 


Atoms are so small that a slice of copper metal just big enough to detect on a good analytical balance contains about 
1x10” atoms. As a result, it is impossible to measure the absolute mass of a single atom. We can, however, measure 
the relative masses of different atoms through experimental means. Nowadays, these relative masses can be calculated 
with an apparatus known as a mass spectrometer. 
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For the relative mass of an atom, we need a standard with which our measurement can be compared. In earlier 
times, the standard used was hydrogen as it is the lightest element and it was assigned mass 1. However, in the present 
system of atomic masses, the standard used to calibrate these measurements is the carbon-12 (12C), which is an isotope 
of carbon. The unit in which atomic mass measurements are reported is the atomic mass unit (amu). By definition, the 
mass of a single atom of the 12C isotope is exactly 12 atomic mass units, or 12 amu. Nowadays, amu has been replaced 
by u which stands for unified mass. 


Note: One atomic mass unit is equal to 1/12th of the mass of one 'C atom. 


The atomic mass of an element can be determined using any of the following methods. 


1. Dulong and Petit’s law: According to this law, the product of atomic mass and specific heat of a solid element, 
known as atomic heat, is approximately equal to 6.4. The atomic mass can be obtained using the relation 


Atomic mass (approx.) = eG (1.4) 


where specific heat is in cal g'. The exact atomic mass is calculated by first determining the equivalent mass 
experimentally, then dividing the approximate atomic mass with this to obtain the number closest to the valence. 
The exact atomic mass is obtained by multiplying equivalent mass with valence. 


2. Cannizaro method: The atomic mass is determined as the smallest mass of the element present in any one of its 
compounds. It is calculated for an element by determining the molecular mass of a number of compounds con- 
taining that element, and then determining mass of the element in each compound. 


3. Vapor density of a chloride: The vapor density and the equivalent mass of the chloride of the element is first 
determined experimentally. Then if valence of the element is n, the formula of the chloride is MCl,. Then, 


Molecular mass = Atomic mass of M+35.5n = Equivalent mass x n+ 35.5n 


Since molecular mass is twice the vapor density, we can obtain the valence and hence the atomic mass from the 
experimentally determined values of vapor density and equivalent mass. 


4. Law of isomorphism: Compounds which form crystals of the same size and shape and can grow in saturated 
solutions of each other to form mixed crystals are said to isomorphous. For example, potassium sulphate and 
potassium chromate; zinc sulphate and iron sulphate are isomorphous. According to law of isomorphism com- 
pounds, the masses of two elements that combine with the same mass of the other elements in their respective 
compounds are in the ratio of their atomic masses. Also, the valence of the elements forming these compounds is 
the same. 


Average Atomic Mass 


Most elements exist in nature as mixtures of isotopes. As we have seen, the graphite in a lead pencil is composed of 
a mixture of ’C (98.892%, 12.000 u), °C (1.108%, 13.003 u), and an infinitesimally small amount of “C (2 x 10°"°%, 
14.00317 u). It is, therefore, useful to calculate the average mass of a sample of carbon atoms. Since there is a large 
difference in the natural abundance of these isotopes, the average mass of a carbon atom must be a weighted average 
of the masses of the different isotopes. Because the amount of “C is so small, the average mass of a carbon atom is 
calculated using only the two most abundant isotopes of the element. 


( 98.892 1.108 


12.000 ux | + [13.003 ux =12.011u 
100 100 


The average mass of a carbon atom is much closer to the mass of a *C atom than a °C atom because the vast majority 
of the atoms in a sample of carbon are C. This weighted average of all the naturally occurring isotopes of an atom 
is known as the atomic weight of the element. It is this value that is reported beneath the symbol of the element in 
the periodic table. It is important to recognize that the atomic weight of carbon is 12.011 u even though no individual 
carbon atom actually has a mass of 12.011 u. 
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Molecular Mass 


The molecular mass is defined as the sum of the atomic masses of the elements in the molecule. The molecular mass of 
water (H,O) is 18.02 u, which is determined from the atomic weights of hydrogen and oxygen. 


2H O H,O 
2 x 1.01 u+16.00 u=18.02 u 


Formula Mass 


The formula mass is the sum of the atomic masses of the elements in the formula. Sodium chloride (NaCl) has a formula 
mass of 58.44 u, which is determined by adding the atomic weights of sodium and chlorine. 


Na* Cl” NaCl 
22.99 u+35.45 u=58.44 u 


In this calculation, the atomic weights of Na and Cl were used, even though NaCl is composed of Na® and CI ions. 
Compared to the mass of the protons and neutrons that make up the nucleus of Na and Cl atoms, electron mass is neg- 
ligible, so losing or gaining electrons to form ions has no effect on atomic weight — Na and Na* have the same atomic 
weight, as do Cl and Cl. The mass calculated is called formula mass instead of molecular mass because in solid state 
these compounds do not exist as single entities. 

For more complex ionic compounds, calculating formula mass works the same way. The formula mass of copper(II) 
nitrate, Cu(NO,),, is 18754 u. 


cw 2NO; Cu(NO,), 
2N 60 
63.55 u+2x 14.01 u + 6x 15.995 u = 187.54 u 


The mass in grams of one mole of anionic compound (its molar mass) is numerically equivalent to its formula mass (in u). 
For example, Cu(NO,), has a formula mass of 187.54 u, so its molar mass is 18754 g mol”. This relationship allows 
conversions to be carried out easily. 


Solved Example 1-28 | 


Naturally occurring boron is composed of 19.8% of '"B_ Solution 
11 10: 
and 80.2% etd Atoms of “B have a mass of 10.0129 u Average atomic mass = (0.198 x 10.0129 u) + (0.802 x 
and those of “B have a mass of 11.0093 u. Calculate the 
; 11.0093 u) = 10.8 u 
average atomic mass of boron. 


Solved Example 1-29) 


Given that vapor densities of three substance referred to Molecular 90 140 50 

hydrogen as unity were 45, 70 and 25, respectively, and _—_ weights (u) 

mass percent of a metal M contained in each were 22.22%, Percent by pe? 42.86 40 

42.86% and 40%, respectively. Calculate the atomic mass _ weight 

one aa Weight of == x 90 = x 140 = x 50 
i tal M 

Solution BE G00 = 60.00 = 20.00 


From the given data, we have 


The minimum weight of metal M in various compounds is 20. 


Vi 45 70 a3) : : 
ae Hence atomic weight = 20 u. 


densities 


https://telegram.me/unacademyplusdiscounts 


1.2 | Mole - Basic Introduction 


Solved Example 1-30) 


Calculate the molecular mass of CH,. My, = (1x Atomic mass of carbon) 
+(4x Atomic mass of hydrogen) 
Solution =[1(12.011 u) + 4(1.008 u)] 


= 12.011 u+4.032 u = 16.043 u 
The molecular mass of methane, CH, 


Solved Example 1-31 | 


(a) What is the molecular weight of chloroform (CHCI,)? (b) For 1 mol, the molecular mass of chloroform is 
(b) What is the mass of 2.50 mol of chloroform? 119.37 g,so for 2.5 mol, the molecular mass would be 


119.37 
Solution 2.5x 7 298 g 


(a) For CHCL, we have 


c H 3Cl CHCl, 
12.01 101 3x3545  11937u 


Solved Example | 1-32 


(a) What is the formula mass of the food preservative (b) Therefore, the molar mass of Na,SO is 126 g mol”. 
sodium sulphite (Na,SO,)? Now, a sample containing 150 mol of Na has 


(b) What is the mass of 1.50 mol of Na,SO,? milasS 


(Solna sO ee 
Solution 1 mol of Na,SO, 


= 189 g Na,SO, 


(a) The formula mass of Na,SO, can be calculated as 


2 x Atomic mass of Na + Atomic mass of $+ 3 x 
(Atomic mass of O) =2 x 22.99 u + 32.07 u+3 x (16) 


= 126.05 amu 


Mole Concept and Molar Masses 


Chemists face problems identifying the amount of a substance in terms of number of atoms present in it. This is 
because it takes an enormous number of atoms to give a sample large enough to be seen with the naked eye. Chemists, 
therefore, created a unit known as the mole (from Latin, meaning “a huge pile”) that can serve as the bridge between 
chemistry on the macroscopic and atomic scales. The mole is defined as follows: Any substance that contains the same 
number of particles as the number of atoms in exactly 12 g of the ’C isotope of carbon. It is the S.I. unit for the amount 
of substance. 

A single C atom has a mass of exactly 12 u and a mole of ’C atoms has a mass of exactly 12 g. 


1 °C atom = 12.000...u 
1 mol of °C atoms = 12.000... 
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As noted in the previous section, the average mass of naturally occurring carbon atoms is 12.011 u. Thus, one mole of 
carbon atoms would have a mass of 12.011 grams. 

The mole is the most fundamental unit of chemistry because it allows us to determine the number of elementary 
particles in a sample of a pure substance by simply determining the mass of the sample. Assume, for example, that we 
want a sample of aluminium metal that contains the same number of atoms as a mole of carbon atoms. We can start 
by looking up the atomic weight of aluminium in the periodic table. 


1 Al atom = 26.982 u 


The atomic weight of this element is known to five significant figures. When the atomic weight is used in a calculation, 
however, one only needs to retain the number of digits that corresponds to the appropriate number of significant fig- 
ures. The atomic weight of aluminium is a little more than twice that of a °C atom. As a result, aluminium atoms are a 
little more than twice as heavy as aC atom. 


1Alatom — 26.982 u 
1 °C atom 12u 


= 2.2485 (1.5) 


(The ratio of the mass of an aluminium atom to a °C atom in this calculation can be given to five significant figures 
because the mass of '’C is based on a definition, not a measurement.) 

Equation (1.5) means that if a mole of aluminium contains exactly the same number of atoms as a mole of °C, then 
a mole of aluminium must have a mass that is 2.2485 times the mass of a mole of C atoms. 


1 mol = 7 26.982 g = 7.9485 
1 mol “C 12¢ 


Thus, the mass of a mole of aluminium is 26.982 g. 


Note: The concept of the mole serves as a bridge between the atomic and macroscopic worlds. 


We can further relate mole to atomic weights and molar mass as follows: A mole of atoms of any element has a mass 
in grams equal to the atomic weight of the element. The mass of a mole of a substance is often called the molar mass. 

For many years, chemists used the concept of a mole without knowing exactly how many particles there were in 
a mole of elemental carbon or aluminium metal. What matters is the fact that there are the same number of particles 
in a mole of each of these elements. 

The only way to determine the number of particles in a mole is to measure the same quantity on both the atomic 
and the macroscopic scales. To determine this number of particles precisely, the mass of one '*C atom was measured 
using a mass spectrometer and was found to be 1.992648 x 10 g. 

Now, we know that 


1 mol of "C=12g 
Therefore, the number of atoms present in 1 mol of ’C is 


12g _ 1.992648x 10 g 
1 mol of °C 1 °C atom 


2g "C atom 
1 mol of °C ~ 1.992648x10™ g 


= 6.02310" atoms mol” 


The number of particles in a mole is known as Avogadro’s constant (previously known as Avogadro’s number). 

In 1910 Robert Millikan measured the charge in coulombs on a single electron: 1.602 x 10°” C. Because the charge 
on a mole of electrons, 96,485 C, was already known, it was possible to estimate the number of electrons in a mole for 
the first time. Using more recent data, we get the following results. 


96,485 C . 1 se lasclaa = 6023x102 electrons 
1mol 1.60210 mol 
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In everyday life units such as dozen (12) and gross (144) are used to describe a collection of items. The mole is some- 
times referred to as the “chemist’s dozen’? The concept of the mole can be applied to any particle. We can talk about 
a mole of Mg atoms, a mole of Na” ions, a mole of electrons, or a mole of glucose molecules (C,H,,0,). Each time we 
use the term, we refer to Avogadro’s number of items. 


1 mol of Mg atoms contains 6.023 x 10” atoms of Mg. 

1 mol of Na’ ions contains 6.023 x 10” ions of Na’. 

1 mol of electrons contains 6.023 x 10” electrons. 

1 mol of photons contains 6.023 x 10” photons. 

1 mole of C,H,,O, molecules contains 6.023 x 10° C,H,,O, molecules. 


Once we know the number of elementary particles in a mole, we can determine the number of particles 
in a sample of a pure substance by weighing the sample. In general, you need two pieces of information to do 
calculations of this nature. You need to know the mass of a mole of the substance and the number of particles in a 
mole. 


Mas: Molar mass Moles Avogadro’s constant Atoms ( L 6) 
(Macroscopic scale) (Atomic scale) 


Before we can apply the concept of the mole to compounds such as carbon dioxide (CO,) or the sugar known as 
glucose (C,H,,O,), we have to be able to calculate the molecular weight of these compounds. As might be expected, 
the molecular weight of a compound is the sum of the atomic weights of the atoms in the formula of the compound. 
The average mass of a single molecule of carbon dioxide is the sum of the atomic weights of the three atoms in a CO, 
molecule. 

Average mass of a CO, molecule: 


1 C atom = 1(12.011 u) = 12.011 u 
2 O atoms = 2(15.999 u) = 31.998 u 


= 44.009 u 


The mass of a mole of carbon dioxide therefore would be 44.009 g. The average mass of a molecule of glucose is the 
sum of the atomic weights of the 24 atoms in a C,H,,0, molecule. 
Average mass of a C,H,,O, molecule: 


6 C atoms = 6(12.011 u) = 72.066 u 
12 H atoms = 12(1.0079 u) = 12.095 u 
6 O atoms = 6(15.999 u) = 95.994 u 


= 180.155 u 


The molecular weight of the compound is therefore 180.155 grams mol". 

This term is molecular weight is however, somewhat misleading for several reasons. First, no C;H,,O, molecule 
ever has a mass equal to 180.155 u. This is the average mass of the sugar molecules, which contain "C and °C atoms 
as well as a mixture of hydrogen and oxygen isotopes. Second, some compounds do not exist as molecules, so it is 
misleading to talk about their “molecular” weight. Some chemists, therefore, recommend that we describe the results 
of these calculations as the mass of a mole or the molar mass of a compound. Because the term molecular weight has 
been so extensively used by chemists and is widely found in the chemical literature, we will use the terms molar mass 
and molecular weight interchangeably. 

The diagram we used to summarize mass—mole conversions for elements can be used for chemical compounds. In 
this case, however, we can take the calculation one step further by using the formula of the compound to calculate the 
number of atoms of a given element in the sample. 


, Molar mass_, yiojeg — Avogadro's constant. yz yjacyjes — Chemical formula. Atoms (17) 


Ma 
(Macroscopic scale) (Atomic scale) 
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Solved Example 


(a) Marbles of diameter 10 mm are to be put in a 10 mm 
square area of side 40 mm so that their centers are 
within this area. Find the maximum number of mar- 
bles per unit area and deduce an expression for 
calculating it. 


(b) In a solution of 100 mL 0.05 M acetic acid, one g of 
active charcoal is added, which absorbs acetic acid. It 
is found that the concentration of acetic acid becomes 
0.049 M. if surface area of charcoal is 3.01x10*m’, 
calculate the area occupied by single acetic acid 
molecule on surface of charcoal. 


< 40 mm >| 


(IIT-JEE 2003) Figure 1.8 


Solution Maximum no. of marbles per unit area=5 x5 =25. 


(a) Given that side of the square = 40 mm and diameter (b) The number of moles of acetic acid in 100 mL (before 
of marbles = 10 mm. The number of marbles along adding charcoal) = 0.05 


an edge of the square with their centers within the The number of moles of acetic acid in 100 mL (after 
square = 5 (Fig. 1.8). adding charcoal) = 0.049 

The number of moles of acetic acid adsorbed on the 
surface of charcoal = 0.001 (0.05 — 0.049) 


Given that the surface area of charcoal=3.01 x 10° m’. 
Hence, the area occupied by single acetic acid mol- 


The number of molecules of acetic acid adsorbed ecule on the surface of charcoal is 

on the surface of charcoal = 0.001 x 6.02 x 107 = 3%10° 

6.02 x 107° ee seh a 
6.02 x10” 


Solved Example 


Describe the difference between the mass of a mole of has two atoms, however, so the molecular weight of O, 
oxygen atoms (O) and the mass of a mole of oxygen molecules is twice as large as the atomic weight of the 
molecules (O,). atom. 


Solution 1 mol of O = 15.999 g 


Because the atomic weight of oxygen is 15.999 u, a mole a 


of oxygen atoms has a mass of 15.999 g. Each O, molecule 


Solved Example 1-35) 


How many carbon atoms are there in one molecule of Solution 
acetylene, C,H,? How many moles of carbon atoms are 
in one mole of C,H,? How many carbon atoms are in one 
mole of C,H,? 


There are two atoms of carbon in one molecule of C,H,; 
two moles of carbon atoms in one mole of C,H,; and 
1.20 x 10“ atoms of carbon in one mole of C,H,. 
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Solved Example | 1-36 | 


Set the following in increasing order of number of moles: — 8.50 _ 
(a) 4.55 x 10” atoms of Pb, (b) 8.50 g of C, (c) 714 x 10% (b) Number of moles of C= +77) = 0.708 mol 


atoms of Zn, (d) 0.280 mol of Ca 714x102 
(c) Number of moles of Zn = —__— = 0.118 mol 
Solution 6.023 x 10 


Converting all the quantities into mole, we get (d) Number of moles of Ca = 0.280 mol. 


455x102 Therefore, the increasing order is (a) < (c) < (d) < (b). 
(a) Number of moles of Pb = ————- = 0.0755 mol 
6.023 x 10~ 


Mole Concept and Number of Atoms/lons/Molecules 


We know that 1 mol consists of VN, or Avogadro number of atoms/ions/molecules. 
Therefore, N, atoms/ions/molecules = 1 mol 


1 
1 atom/ion/molecules = —— mol 
A 
If we have x atoms/ions/molecules = = mol 


A 


Therefore Number of moles Number of atoms/ions/molecules 


Na 
Solved Example 
: = 
Find the number of moles in the following: (b) Number of moles — Number of ions of N 
(a) 2 atoms of H N, 
(b) 3 ions of N* ae. 
(c) 4molecules of CO, - N, 
Solution 
(a) Number of moles = Number of atoms of H (c) Number of moles = Number of atoms of CO, 
Na A 
4 
= - 


Mole Concept and Volume (L) of Ideal Gas at NTP/STP 


NTP is normal temperature (25°C or 298 K) and pressure (1 atm) while STP is standard temperature (0°C or 273 K) 
and pressure (1 atm). 
For all the ideal gases (we will cover this in Chapter 3), the ideal gas equation is followed 


pV = nkT 


where p is the pressure exerted by the gas in atm, V is the volume occupied by gas in L, n is the number of moles of the 
gas, R is the universal gas constant and T is the temperature of the gas in kelvin. 


For any gas at STP 
(latm)V = n(0.0821LatmK! mol !)(0 +273 K) 
V 
pee 
22.4 
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For any gas at NTP i i 
(latm)V =n(0.0821L atm K~ mol )(25 + 273 K) 
V 
n=— 
24.46 
But we use the general equation as 
Vol L)at STP/NTP 
Number of moles of an ideal gas = viet = 


Solved Example 1-38 | 


Calculate the number of moles in the following cases This is wrong! 


(assuming ideal gases). We have not mentioned STP or NTP in the above 
(a) 672 L of CO, at STP equation. 
(b) 2240 mL of N, at STP In this case, 
(c) 18 mL of H,O (density = 1 g mL") 18 mL of H,O = 18 g of H,O 
Therefore, 
Solution ae Matberehables Weight of H,O(g) 
(a) Number of moles of CO, = A =3mol Molecular weight of H,O(g) 
8 

(b) Number of moles of N, = coca 0.1mol Tor Imol 

22400 

18 


(c) Number of moles of H,O0 = —— 
22400 


1.3 | PERCENTAGE COMPOSITION 


It is often useful to know the percent by mass of the different elements in a compound. Percent by mass can be 
determined experimentally or from the chemical formula. When the formula of a compound is known, the first step 
in this calculation involves determining the molecular weight of the compound. The molecular weight of ethanol 
(CH,CH,OH), for example, would be calculated as follows. 
Average mass of CH,CH,OH molecule: 

2 C atoms = 2(12.011 u) = 24.022 u 

6 H atoms = 6(1.0079 u) = 6.0474 u 

1 O atoms = 1(15.999 u) = 15.999 u 


= 46.068 u 


A mole of ethanol, therefore, weighs 46.068 g. The percent by mass of carbon in ethanol is, therefore, the mass of car- 
bon in a mole of ethanol divided by the mass of a mole of ethanol, times 100. 


___ 74.022 got _ 100 = 52.145% of C 
46.068 g of CH,CH,OH 
The percent by mass of hydrogen and oxygen in ethanol can be calculated in a similar fashion. 
6.0474 g of H x 100 = 13.127% of H 
46.068 g of CH,CH,OH 
15.999 g of O x 100 = 34.729% of O 
46.068 g of CH,CH,OH 


In general, the percentage composition of an element in a compound can be calculated using the relation 


Mass of the element in the compound 
Mass % of an element = P 


x 100 (1.8) 
Molar mass of the compound 
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Solved Example 1-39) 


A mixture of CaCO, and MgCO, weighing 1.84 g on heat- 
ing left a residue weighing 0.96 g. Calculate the percent- 
age composition of each in the mixture. 


Solution 


First, we determine the residue 


Cac0, CaO + CO, 
MgCO,—>Mg0+CO, 


CO, (carbon dioxide) being gas escapes, so residue 
include MgO and CaO. Let the sample contains xg of 
CaCO,. Now, mass of MgCO, = (1.84 — x) g. Thus, 


Moles of CaCO, = —_ and Moles of MgCoO, = aa 
“100 84 


From reaction stoichiometry, we have: 
1 mol of CaCO, = 1 mol of CaO 


—_ mol of Ca0=——x 56 g of CaO 


—_ molof CaCO, = 
“100 100 


100 


Empirical and Molecular Formulae 


Similarly, 1 mol of MgCO, = 1 mol of MgO 


184-x of MgCO, = 1.84 


_184-x 


=X. 


mol of MgO 


x 40 g of MgO 


Now, the total grams of MgO and CaO (i.e., residue) = 
0.96 g 


Bk gO pi =a) 96 
100 84 
or 0.56x + 0.87 —0.47x = 0.96 


0.09x =0.09>x=1.0¢ 


So, we have 1.0 g of CaCO, and (1.84 — 1.0) = 0.84 g of 
MgCoO, in the sample. Hence, the percentage composi- 
tion can be found out as follows: 

1.0 


%CaCO, = 7 x 100 = 54.34% 


%MgCO, = (100 — 54.34) % = 45.66% 


The empirical formula, or simplest formula, gives the smallest whole number ratio of atoms present in a compound. 
This formula gives the relative number of atoms of each element in the compound. 
To calculate the empirical formula of a compound from percent composition, we follow three steps. 


1. Convert percent composition into an actual mass. 
2. Convert mass into moles of each element. 


3. Find the whole number ratio of the moles of different elements. 


Let us approach a problem using percent by mass data by examining the compound methane. Methane is 74.9% 
carbon and 25.1% hydrogen by mass. A 100 g sample of the gas, therefore, contains 74.9 g of carbon and 25.1 g of 


hydrogen. 
100 g of methane x eae 74.9 g of C 
100 g of methane 
100 g of methane x oes. 25.1 g of H 
100 g of methane 


This is useful information because we can use the molar mass of these elements to convert the grams of carbon and 


hydrogen in this sample into moles of each element. 


1 mol of C 


74.9 ¢ of Cx ——_———— = 6.24 mol of C 
12.011 g of C 

Sip oth gO 26 votti 
1.0079 g of H 
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We now know the number of moles of carbon atoms and the number of moles of hydrogen atoms in a sample. We also 
know that there is always the same number of atoms in a mole of atoms of any element. It might, therefore, be useful 
to look at the ratio of the moles of these elements in the sample. 


24.9 mol of H _ 


———— = 3.99 
6.24 mol of C 


The 100 g sample of methane, therefore, contains about four times as many moles of hydrogen atoms as moles of car- 
bon atoms, within experimental error. This means that there are four times as many hydrogen atoms as carbon atoms 
in this sample. 

The above example tells us the simplest or empirical formula (smallest whole number ratio of atoms) of the 
compound, but not necessarily the molecular formula (actual whole number ratio of atoms in a molecule). These 
results are consistent with molecules that contain one carbon atom and four hydrogen atoms: CH,. However, they 
are also consistent with formulas such as C,H,, C;H,,, C,H,, and so on. All we know at this point is that the molecular 
formula for the molecule is some multiple of the empirical formula, CH,. Using other experimental techniques, it is 
possible to show that the molecular weight of methane is 16 g mol”, which is consistent with a molecular formula 
of CH,. 

The molecular formula is the true formula, representing the total number of atoms of each element present in one 
molecule of a compound. It is entirely possible that two or more substances will have the same percent composition 
yet be distinctly different compounds. 

For example, both acetylene (C,H,) and benzene (C,H,) contain 92.3% C and 77% H. The smallest ratio of C and 
H corresponding to these percentages is CH (1:1). Therefore, the empirical formula for both acetylene and benzene is 
CH, even though the molecular formulas are C,H, and C,H,, respectively. Often the molecular formula is the same as 
the empirical formula. If the molecular formula is not the same, it will be an integral (whole number) multiple of the 
empirical formula. 

To find the molecular formula, the integral multiple can be found as 


Molecular mass 
n= EE (1.9) 
Empirical formula mass 


Now, Molecular formula = Empirical formula x n 
For example, 


CH = Empirical formula 
(CH), = C,H, = Acetylene (molecular formula) 
(CH), = C,H, = Benzene (molecular formula) 


Table 1.5 shows empirical and molecular formula relationships of other compounds. 


Table 1.5 Some empirical and molecular formulae 


Substance Empirical formula = Molecular formula Substance Empirical formula = Molecular formula 
Acetylene CH Cash Diborane BH, B,H, 
Benzene CH (Gist. Hydrazine NH, N,H, 
Ethylene CH, Cist, Hydrogen H EG 
Formaldehyde CH,O CELLO Chlorine Cl Ch 

Acetic acid CH,O Cis), Bromine Br Br, 
Glucose CH,O (Cast{O), Oxygen O O, 
Hydrogen chloride HCl HCl Nitrogen N N, 

Carbon dioxide CO, COQ, Iodine I I 
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Solved Example 1-40 


A salt composed of titanium and oxygen is 74.96% tita- 1 mol Ti 


nium by mass. Determine the empirical formula of the PEI0E 1% 47.9 ¢ Ti sana 
titanium oxide. 1molO 
Solution oe 


100.00 g of the salt contain 74.96 g of titanium and The simplest ratio is 1:1. So, the empirical formula is TiO. 
25.04 g oxygen. The number of moles of Ti and O can be 
found as 


Solved Example 1-41 | 


Molecular formula of acetic acid is CH,COOH. What are Thus, empirical formula = CH,COOH or C,H,O, _ 


the number of atoms present in its empirical formula? CH.O 2 
Soliaian So, the total number of atoms present in empirical for- 
We have the integral multiple as mula is 4. 


Molecular mass 


Empirical formula 
=>n=2 (from Table 1.5) 


Molecular mass 
2 


Solved Example 1-42 | 


12.78 g of an organic compound containing C, H and O 


So, empirical formula = 


and undergoes combustion to produce 25.56 g of carbons xy 2 mol 10.46 g 1.162 x 1 1.162 | A 
dioxide and 10.46 g of water. What is the empirical for- 18g =1162g 0.291 
mula of the organic compound? = 1.162 mol 
: O IPZIS=OOPS UMNO WSO) O28 _ 1 1 
Solution 16 — 1.16 0.291 — 
= 0.291 mol = 4.65 g 


From the given data, we have 


Element Moles Grams Relative Simplest 
number whole 
of moles _ ratio 

1 mol 0.581 x12 0.581 ~2 


x 25.56 ete 
44 g 67. 0.291 


Therefore, empirical formula = C,H,O. 


= 0.581 mol 


Solved Example 1-43 | 


If 30 mL of a gaseous hydrocarbon requires 90 mL of O, Solution 
for complete combustion and 60 mL of CO, is formed in 
the process, the molecular formula of hydrocarbon will be 
(a) C,H, (b) CH, (c) CH, (d) CH, 


Let the hydrocarbon be C,H,, then it undergoes combus- 
tion in the following manner: 
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Equal volumes of all gases contain equal number of mol- 
C,H, +( x+ *) 0, —> xCO,+ +H,O ecules at the same conditions of temperature and pres- 
30mL 90mL 60mL sure. Therefore, we have 


1mL 3mL 2mL _ y y 
ee. dmc Seno al x=2 and ae ar 3-2=1>y=4 


Thus, the molecular formula = C,H,. 


1.4| MOLE CONCEPT - STOICHIOMETRY 


A chemical equation describes what happens when a chemical change or reaction takes place. A chemical equation 
uses the chemical symbols and formulas of the reactants and products and other symbolic terms to represent a chemi- 
cal reaction. Consider the reaction between hydrogen and oxygen to form water, represented by the chemical equation 


2H,(g)+O,(g) > 2H,O(1) 


The substances that appear on the left of the arrow (hydrogen and oxygen) are called reactants; they are the substances 
that are present before the reaction begins. The substances to the right of the arrow (water) are called products. The 
physical states of the reactants and products, that is whether they are solid, liquid or gases, are indicated by the letters 
(s), (1) or (g), respectively. A substance that is dissolved in water is indicated by writing (aq) after the formula of the 
compound, indicating that the substance is present as an aqueous solution. 


Balancing of Chemical Equations 


A balanced equation contains the same number of each kind of atom on each side of the equation. The balanced equa- 
tion, therefore, obeys the law of conservation of mass. The way to balance an equation is to adjust the number of atoms 
of each element so that they are the same on each side of the equation, but a correct formula is never changed in order 
to balance an equation. The general procedure for balancing equations is as follows: 


1. Identify the reaction: Write a description or word equation for the reaction. For example, let us consider 
mercury(II) oxide decomposing into mercury and oxygen. 


Mercury(II) oxide HEL, Mercury + Oxide 


2. Write the unbalanced (skeleton) equation: Make sure that the formula for each substance is correct and that 
reactants are written to the left and products to the right of the arrow. For example, 


HgO —He4t_, He +0, 


The correct formulas must be known or determined from the periodic table, lists of ions, or experimental data. 
3. Balance the equation: Use the following process as necessary. 


(a) Count and compare the number of atoms of each element on each side of the equation and determine those 
that must be balanced: 


Hg is balanced (1 on each side) 
O needs to be balanced (1 on reactant side, 2 on product side) 


(b) Balance each element, one at a time, by placing whole numbers (coefficients) in front of the formulas contain- 
ing the unbalanced element. Select the smallest coefficients that will give the same number of atoms of the 
element on each side. A coefficient placed in front of a formula multiplies every atom in the formula by that 
number (e.g.,2 H,SO, means two units of sulphuric acid and also means four H atoms, two S atoms and eight 
O atoms). Place a 2 in front of HgO to balance O: 


2HgO —He"t_, He +0, 
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(c) Check all other elements after each individual element is balanced to see whether, in balancing one element, 
other elements have become unbalanced. Make adjustments as needed. Now, Hg is not balanced. To adjust 
this, we write a 2 in front of Hg. 


2HgO Hens 2Hg+O, (balanced) 


(d) Do a final check, making sure that each element and/or polyatomic ion is balanced and that the smallest pos- 
sible set of whole-number coefficients has been used: 


2Hego—Heat_, 2Hg+O, (correct form) 


AH gO —Eet 5 4Hg+20, (incorrect form) 


Note: Some tips for balancing an equation: 


1. Balance elements other than H and O first. 
2. Elements should be balanced. 


3. Balance as a group those polyatomic ions that appear unchanged on both sides of the arrow. 


Stoichiometry and Stoichiometric Calculations 


In chemical processes carried out in laboratories or industry, the basic question is about the amount of reactants 
required to prepare a certain amount of product. The quantitative relationships among the reacting materials and the 
products formed are known as stoichiometry. The term stoichiometry comes from the Greek words — stoicheion (mean- 
ing element) and metron (meaning measurement). All the steps necessary to do calculations of this sort are grouped 
under the heading stoichiometry and are based on the use of balanced chemical equation for the reaction. The chemical 
equation gives relative amounts of molecules of each type that participate in the reaction. The coefficients 2 for H, and 
H,O are called stoichiometric coefficients. In the balanced chemical equation, they represent the number of molecules 
(moles) of reactants and products taking part in the reaction. Thus according to the above chemical reaction, we 
know that 


1. Two moles of H,(g) react with one mole of O,(g) to form two moles of H,O(I). 

2. Two molecules of H,(g) react with one molecule of O,(g) to form two molecules of H,O(1). 
3. 2x2 g of H,(g) react with 32 g of O,(g) to form 2 x 18 g of H,O(I). 

4. 2x 22.4 L of H,(g) react with 22.4 L of O,(g) to form 2 x 22.4 L of H,O(g). 


Using these relations, we conclude that the data can be interconverted as 
For a reaction Mass < Moles < Number of molecules 


aA+bB-(cC+dD) 
Ny _ Mp _ Mc _ Mp 
a b ec ad 
The three main steps in stoichiometric calculations for any chemical reaction are: 


1. Determine the number of moles of starting substance: Find the starting material or product of the reaction for 
which you know both the mass of the sample and the formula of the substance. Use the molecular weight of this 
substance to convert the number of grams in the sample into an equivalent number of moles. 


2. Determine the mole ratio of the desired substance to the starting substance: Use the balanced equation for the 
reaction to create a mole ratio that can convert the number of moles of the starting substance into moles of the 
desired substance. 


3. Calculate the desired substance in the units specified in the problem: Use the molecular weight of the desired 
substance of the reaction to convert the number of moles involved in the reaction into grams or the units specified. 


All calculations that start with the mass of one substance (A) and require the mass of a second substance (B) as the 
answer can be determined using the sequence of steps shown in Fig. 1.9. 
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Grams of Moles of 
substance substance 
A A 
Lab unit Chemical unit 


Use ratio of 
coefficients 
Use formula to convert Use formula 
mass of A moles of A mass of B 
to convert to to convert 
to moles of A. moles of B. to grams of B. 


Grams of 
substance 
B 


Lab unit 


Moles of 
substance 
B 


Chemical unit 


Figure 1.9 The sequence of calculations for solving stoichiometry problems. 


Solved Example 1-44 | 


Calculate the amount of calcium of oxide required when 
it reacts with 852 g of P,O,,. (IIT-JEE 2005) 


Solution 
The required reaction is: 6CaO + P,O,, > 2Ca,(PO,), 


Moles of P,O,, = 852/284 =3 and that of CaO =3 x 6=18. 

According to the reaction, we have 

1 mol of P,O,, reacts with 6 mol of CaO 

So, 3 mol of P,O,, reacts with (3 x 6) = 18 mol of CaO. 
Thus, the amount of calcium of oxide required = 18 x 
56 = 1008 g. 


Solved Example 1-45 | 


Silver nitrate, AgNO,, reacts with iron(III) chloride, 
FeCl,, to give silver chloride, AgCl, and iron(IIJ) nitrate, 
Fe(NO,);. A solution containing 18.0 g of AgNO, was 
mixed with a solution containing 32.4 g of FeCl,. How 
many grams of which reactant remain after the reaction 
is over? 


Solution 
The reaction taking place is: 
3AgNO, + FeCl, > 3AgCl + Fe(NO,), 


The amount of FeCl, that is required to react completely 
with all of the available silver nitrate (18.0 g) is 


1 mol AgNO, 1 mol FeCl, 162.21 g FeCl, 
169.87 g AgNO, }\ 3 mol AgNO, 1 mol FeCl, 


= 5.73 g FeCl, 


Since more than this minimum amount is available, FeCl, 
is present in excess, and AgNO, must be the limiting 
reactant. 

We know that only 5.73g FeCl, will be used. 
Therefore, the amount left unused is: 


32.4 g total — 5.73 g used = 26.7 g FeCl, 


Solved Example 1-46 | 


A compound that is 31.9% K and 28.9% Cl and rest oxy- 
gen by mass decomposes when heated to give O, and a 
compound that is 52.4% K and 476% Cl by mass. Write a 
balanced chemical equation for the reaction. 


Solution 


The empirical formula of the reactant compound: 


1 mol of K 


coke 
39.098 g of K 


=0.816 molofK (1) 


ose oem ay 
35.453 g of Cl 
05 06K coms mere 6) 
15.999 g of O 
Dividing the RHS of Eqs. (1)—(3) by smallest value 0.815, 
we get 
De’? =daelerk OED =e ore 
0.815 0.815 
oe =3 mol of O 
0.815 
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The empirical formula of the reactant compound is KCIO,. Therefore, the product compound is KCl, and the bal- 


The empirical formula of the product compound is: anced equation for the decomposition is 
2KCl 2KCl 3 
Steer ye OO i aaa ok CEG) oR) Ose) 
39.098 g 
Me parce tO ial eher al 
35.453 g 


Solved Example a7] 


Consider the following reaction: Solution 
CO(g) +2H,(g) > CH,OH(g) (a) 2 x 2 =4 mol of H, are needed to consume 2 mol 
: of CO. 


(a) How many moles of H, are required to react com- (b) 4 x 6.023 x 10 = 2.41 x 10” molecules would be 


pletely with 2 mol of CO? needed to consume 2 mol of CO; and 2 x 2.41 x 10” 
(b) How many H, molecules would be needed to con- = 4.82 x 10” atoms will be needed to consume 2 mol 

sume 2 mol of CO? How many H atoms would be of CO. 

aati (c) The molar mass of H, is 2.0 g mol”. Four moles of H, 
(c) How many grams of H, are required to consume 2 will have a mass of 4x2 =8 g. 

mol of CO? 


Limiting Reagent 


In the case of a chemical reaction, if specific amounts of each reactant are mixed, the reactant that produces the least 
amount of product is called the limiting reagent. In other words, the amount of product formed is limited by the reac- 
tant that is completely consumed. We can illustrate this with the simple example of the production of water from its 
elements, hydrogen and oxygen. 


2H,(g)+0O,(g) > 2H,O0(1) 


The stoichiometry of the reaction tells us that two moles (4.0 g) of hydrogen react with one mole (32.0 g) of oxygen to 
produce two moles (36.0 g) of water. Thus, any time hydrogen and oxygen react in a 4:32 mass ratio, all reactants are 
consumed and only product appears. When reactants are mixed in exactly the mass ratio determined from the balanced 
equation, the mixture is said to be stoichiometric. 


4.0 g H, +32.0 g O, > 36.0 g H,O (stoichiometric) 


What if we mix a 6.0 g quantity of H, with a 32.0 g quantity of O,? Do we produce 38.0 g water? No, we still produce 
only 36.0 g of H,O using only 4.0 g of the H,. Thus, H, is present in excess, and the amount of product is limited by the 
amount of O, present. In this case,O, becomes the limiting reactant. 


60gH,+ 320g¢0, >36.0¢gH,0+20¢H, 


(Limiting reactant) (In excess) 


If we mix a 4.0 g quantity of H, with a 36.0 g quantity of O,, 36.0 g of H,O is again produced. In this case, the H, is com- 
pletely consumed and limits the amount of water formed. Thus, H, is now the limiting reactant and O, is present in excess. 


40¢H,  +36.0¢0, >36.0gH,0+4.020, 


(Limiting reactant) (In excess) 
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Note: The following sequence of steps is helpful in working limiting reagent problems. 


1. Calculate the amount of product (moles or grams, as needed) formed from each reactant. 


2. Determine which reactant is limiting. (The reactant that gives the least amount of product is the limiting reac- 
tant; the other reactant is in excess.) 

3. Once we have identified the limiting reactant, the amount of product formed can be determined. It is the 
amount determined by the limiting reactant. 

4. If we need to know how much of the other reactant remains, we calculate the amount of the other reactant 
required to react with the limiting reactant, and then subtract this amount from the starting quantity of the 
reactant. This gives the amount of that substance that remains unreacted. 


Solved Example 1-48 | 


Assume that 4 g of L(s) are allowed to react with 4g of Solution 
Mg(s) according to the following chemical equation. 


In the balanced chemical equation I, and Mg react ina one- 


Mg(s)+L,(s) > Mgl,(s) to-one mole ratio. Therefore, 4 g of I, equals 4/(2 x 126) 
: = 0.016 mol, while 4 g of Mg equals 4/24 = 0.16 mol. Thus, 
What is the limiting reagent in this reaction? there is ten times more Mg present than I,. Hence, L, is the 


limiting reagent. 


Solved Example 1-49) 


How many mole of lead(II) chloride will be formed from Moles of PbO = a = 0.029 mol and moles of HCl 
a reaction between 6.5 g of PbO and 3.2 g of HCl? 32 223 

= aa6 = 0.088 mol 
Solution : 


1 mol of PbO reacts with 2 mol of HCl. Therefore, 
The reaction equation is PbO+2HCI— PbCl,+H,O. PbO isa limiting reagent. 
Molar mass of PbO = 223 g mol’. Now, Hence, 0.029 mol of PbO will produce PbCL, = 0.029 mol 


Theoretical and Actual Yields 


The quantities of the products we have been calculating from chemical equations represent the maximum yield (100%) 
of product according to the reaction represented by the equation. Many reactions, especially those involving organic 
substances, fail to give a 100% yield of product. The main reasons for this failure are the side reactions that give prod- 
ucts other than the main product and the fact that many reactions are reversible. In addition, some product may be lost 
in handling and transferring from one vessel to another. The theoretical yield of a reaction is the calculated amount of 
product that can be obtained from a given amount of reactant, according to the chemical equation. The actual yield is 
the amount of product that we finally obtain. The percent yield is the ratio of the actual yield to the theoretical yield 
multiplied by 100. Both the theoretical and the actual yields must have the same units to obtain a percent: 


Actual yield 
Theoretical yield 


Solved Example 1-50) 


A sample of calctum oxide whose mass was 12 g was (a) Which compound was the limiting reactant? 
treated with 46.0 g of water to prepare calcium hydroxide. (fp) Calculate the theoretical yield of Ca(OH),. 


x 100 = Percent yield 
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Solution of it will remain unreacted when the reaction is over. 


(a) The reaction equation is CaO0+H,O-— Ca(OH),. ine aS Ds minnie oer 


From the equation, we have (b) Now, 56.1 g of CaO reacts with 18 g of water to form 


io Ca(OH), 
a 56.1 =o m0} Then 12 g of CaO reacts with ae = 3.857 g of 
0 net HOH" 955 nial ae 
18 Now, 18 g of water give 74 g of Ca(OH), 
It follows that one mole of CaO reacts with one mole So, 3.857 g will yield = ae xX 3.857 = 15.87 g 
of H,O. Therefore, H,O is present in excess and some 18 


Thus, the theoretical yield of Ca(OH), is 15.87 g. 


1.5 | PRINCIPLE OF ATOM CONSERVATION (POAC) 


The principle states that moles of atoms of an element are conserved throughout the reaction (provided the reactants 
are converted to products completely). 
Advantages of using POAC method over stoichiometry 

(a) No need to balance the equation. 


(b) Complete reactions are not required. 
Let us understand the concept of POAC by the following solved examples. 


Solved Example 1-51 


Find the moles of BaSO, in the following question, pro- BaSO,. But as we know S is converted to BaSO,, so we 


vided all S is converted from reactants to products. can apply POAC on S. 
ee Therefore, 
(moles) Steps > BaSO, (moles of S)pofore = (moles of S) br 
2=1xn 
Solution BAe 
"Baso, — 2 


In the above equation, we do not know the series of 
equations which have occurred in the transition of S to 


Solved Example 1-52 


A,B,C, A,B, + A,C Solution 


Go yz 
(1, moles) (ny moles) (3 moles) 


Applying POAC on A 


If A is conserved, find the relation between A, B (Ne. demoleset i. =o oP mcleverm 


and C. 


after 


XxXnj =2xn,+3Xxn, 


Solved Example 1-53 | 


Assuming atoms of all the elements are conserved. Find Solution 
the number of moles of the unknown quantities in the 


: If we are using POAC, we do not need to balance the 
reaction. 


equation 
C,H,,0,+ O, — CO,+ H,O 


(1mol) (n=?) (n=?) (n=?) 
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Applying POAC on C Applying POAC on O 
(No. of moles of O),.i,6 = (No. of moles of O) 
6 x Now,0, +2*No, =2 X Nco, +1 x Ny,6 
6x 14+2xNo, =2x6+1x6 


No, =6 


after 


(No. of moles of C),.fore = (No. of moles of C) 


6x No.0. = 1 X No, 


after 


Neo, = 6 

Applying POAC on H a 
Note: Though POAC looks easy to apply, it is one of 

(No. of moles of H),,.,,,. = (No. of molesof H),, the common areas of mistakes for most of the students. 

rors _ Whenever, a balanced equation is provided, always use 
stoichiometry to solve the problems. Only if equation is not 

Myo = 9 provided or not balanced, use POAC to solve the problems. 


12 x No.0, = 2x Ny,o 


1.6 | CONCENTRATION TERMS 


The reactions are carried out in the laboratories in solutions. So it is important to understand the constitution of a solu- 
tion and the different ways to express the amount of its components. Solutions contain two components: a solute and 
a solvent. The substance that dissolves is the solute. The substance in which the solute dissolves is called the solvent. 


Note: Two general rules can be used to decide which component of a solution is the solute and which is the solvent. 
1. Any reagent that undergoes a change in state when it forms a solution is the solute. Thus, when gaseous HCl 
dissolves in water to form an aqueous solution, HCl is the solute. 


2. If neither component of the solution undergoes a change in state, the component present in the smallest quan- 
tity is the solute. 


For stoichiometric calculations in laboratory and industry, we need more quantitative methods of expressing concen- 
trations of the components. The concentration of a substance in a given volume of solution can be expressed in the 
following ways. 


1. Mass percent (w/w): This quantity expresses the mass of solute per 100 g of solution. Therefore, in 100 g of a solu- 
tion that is 25% by mass HCl, there are 25 g of HCl and 75 g of H,O. The expression for percent by mass is 


Mass of solute 


% by mass (solute) x 100 


I 


Mass of solute + Mass of solvent 


_ Mass of salute x 100 
Mass of solution 


2. Volume percentage (V/V): Solutions that are formulated from two liquids are often expressed as volume percent 
with respect to the solute. The volume percent is the volume of a liquid in 100 mL of solution. The label on a bottle 
of ordinary rubbing alcohol reads “isopropyl alcohol, 70% by volume” Such a solution could be made by mixing 
70 mL of alcohol with water to make a total volume of 100 mL, but we cannot use 30 mL of water, because the 
two volumes are not necessarily additive: 


Volume of liquid 


% by volume (solute) = Volume of solution 


3. Mass by volume (w/V) percentage: This method expresses concentration as grams of solute per 100 mL of solu- 
tion. With this system, a 10.0% m/V glucose solution is made by dissolving 10.0 g of glucose in water, diluting to 
100 mL and mixing. The 10.0% m/V solution could also be made by diluting 20.0 g to 200 mL, 50.0 g to 500 mL 
and so on. Of course, any other appropriate dilution ratio may be used: 

Mass of solute 


% mass by volume (solute) = val Feoludion: Gait) x 100 
olume of solution (m 
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Note: In case of solutions, specific gravity is used instead of density. The difference between the two is as follows: 


Density is defined as the ratio of mass of solute to volume of solution at a specific temperature, whereas specific 
gravity is defined as the ratio of mass of solution to mass of an equal volume of water at a specified temperature. 

In case the specified temperature is 4°C, density is equal to specific gravity as density of water at 4°C is 
1 g mL". However, in case the specified temperature is other than 4°C, then 


Density of solute = Specific gravity x Density of water 


4. Mole fraction: It is the ratio of number of moles of the component (solute) to the total number of moles of the 
components of the solution (solute + solvent). Mole fraction has the same form as mass fraction except that mole, 
not mass, is considered. 


. Moles of solute 
Mole fraction of solute = —————___________- 
Moles of solute + Moles of solvent 


If a solution is prepared by dissolving n, moles of component A in n, moles of component of B, then the mole 
fraction of A and B is given by the relation: 


Mole fraction of A (x, )= Ma 
ny +Np 


Ng 


Mole fraction of B (x,) = 
ny +N 


Note that the mole fraction is related to the masses of the components by the following expression. 


wk 
My 
My , Msg 


My Mz 


Mole fraction of A= 


where m is the mass of solute/solvent taken and M, is its molar mass. 


5. Molarity: The molarity of a solution is defined as the number of moles of solute per liter of solution. Molarity is 
calculated by dividing the number of moles of solute in the solution by the volume of the solution in liters. 


Moles of solute 


Molarity = 
y Liters of solution 


The symbol of molarity is M. A solution that contains 0.100 mol of NaCl in 1.00 L has a molarity of 0.100 M, and 
we would refer to the solution as 0.100 molar NaCl or as 0.100 M NaCl. The same concentration would result if 
we dissolved 0.0100 mol of NaCl in 0.100 L (100 mL) of solution, because the ratio of moles of solute to volume 
of solution is the same. 


0.100 mol NaCl 7 0.0100 mol NaCl = 0.100 M NaCl 
1.00 L NaCl 0.100 L NaCl 


Molarity is a tool that provides the conversion factors we need to convert between moles and volume (either in 
liters or milliliters). Consider, for example, a solution labeled 0.100 M NaCl. The unit M always translates to mean 
“moles per liter’? so we can write 


0.100 mol NaCl 
1.00 L solution 


0.100 M NaCl = 
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When working with solutions, it is much easier to measure the volume of the solution than the mass of the solute. 
Molarity can then be used to count the number of moles of solute in a given volume of a solution. Note that molar- 
ity has units of moles per liter. The product of the molarity of a solution times its volume in liters is, therefore, 
equal to the number of moles of solute dissolved in the solution. 


mel Lael 
L, 


We can write this relationship in terms of the following generic equation, where M is molarity, V is volume in liters, 
and n is number of moles. 


MxV=n 


It is possible to determine the number of atoms, ions or molecules in a mixture using measurements of density and 
volume if the percent by mass of each of the components in the mixture is known. 

The chemicals used in the laboratory may be available in more concentrated form than required and must be 
diluted (made less concentrated) before being used. This is accomplished by adding more solvent to the solution, 
which spreads the solute through a larger volume and causes the concentration (the amount per unit volume) to 
decrease. For example, let us see how we would prepare 100.0 mL of 0.0400 M K,Cr,O, from 0.200 M K,Cr,O, 
The concentrated solution available has 0.20 M of K,Cr,O, in 1 L of water. For preparing 0.040 M solution, we 
would require 0.04 M of K,Cr,O, dissolved in 1 L of water. We can calculate the volume of 0.20 M solution 
required as 


1000 mL 
0.2 mol 


x 0.04 mol = 200 mL 


For preparing 100 mL of solution, the amount required is 


200 mL 


—— x 100 mL = 20 mL 
1000 mL 


Thus, 20 mL of 0.20 M solution may be taken and diluted to 100 mL for preparing a 100 mL solution. 


During dilution, the amount of solute remains constant. This means that the product of molarity and volume, 
which equals the moles of solute, must be the same for both the concentrated and diluted solution. 


Volume of dilute solution x M j,,,,. = Wolume of concentrated solution x M. 


to be prepared to be used 
Moles of solute in the (1. 10) 


concentrated solution 


conc 


Moles of solute 
in the dilute solution 


or Vein * Maa = Veone *M, 


conc conc 


In the relation, any units can be used for volume provided that the volume units are the same on both sides of the 
equation. We thus normally solve dilution problems using milliliters directly in the equation 


MV, = M.V, 
For preparation of 100.0 mL of 0.0400 M K,Cr,O, from 0.200 M K,Cr,O,, we can use the relation as follows 
0.2 x V, = 0.04 x 100 


_ 0.04 x 100 
0.2 


or f = 20 mL 
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Note: 
1. Molarity of dilution: The relation between molarity before and after dilution is given by 
MV, = MV, 


2. Molarity of mixing: When three solutions (containing same solvent and solute) of molarity M,, M,, M, are 
mixed in volumes V,, V,, V; respectively, the molarity of mixing can be given as: 


MV, +M,V,+ MV, = Maca (V, +V, +V;) 


6. Molality: It is defined as the number of moles of solute per mass of solvent measured in kilograms. Thus, 
Number of moles of solute 


Molality = 
' Mass of solvent in kg 


The symbol of molality is small m. The total mass of the solution is still the sum of the mass of the solute and the 
mass of the solvent but this value is not used to determine the molality. 


Note: Molality should not be confused with molarity whose symbol is capital M. Neither the mass nor volume 
of the solvent is used to define molarity. The combined volume of the two components (solute and solvent), the 
volume of the solution, is used for molarity. 


7. Strength of a solution: It is defined as the amount of solute (in grams) dissolved per liter of solution. Mathematically, 
it is expressed as 


Weight of solute (g) 
Volume of solution (L) 


Relation between Stoichiometric Quantities 
1. Relation between mole fraction and molality: 


n n 
_— A Zz B 
Ke and x, = 


Ny +Npg ny +Ng 


xX, ny _ Molesofsolute _w, xM, 


X, NM,  Molesofsolvent w,xM, 


x, X1000 _ w, x1000 _ x, x 1000 oa 
x,xM, wyxM, (1-x,)M, 
2. Relationship between molality and molarity: 
Lat Ms 
m M_ 1000 


where d = density of solution, m = molality, M = molarity and M, = molar mass of solute 


3. Relation between molarity and mole fraction: Let M be the molarity of solution, and x, and x, be mole fractions 
of solvent and solute, respectively. When n, and n, moles of solvent and solute are mixed to form a solution, then 
mass of solution is n,M, +n gM, where M, and M, are molar masses of solvent and solute, respectively. Then, 

Mass _ (n,M, +n,M,) 

Density d 


Volume of solution = 


1000 
Volume of solution 


Molarity = Number of moles of solute x 


1000 xd 
(n,M, +ngMgz) 


Dividing both numerator and denominator by (1, +,), we get 


M=n, X 


xX, X 1000 x p 
x,;M,+x,M, 
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Solved Example 1-54 


Find the molarity of 1 L of water. Given: d=1000kgm™~ Given,1Lof water =1kg=1000 g (because density = 1000 
(IIT-JEE 2003) kg m7“). Therefore, the number of moles of solute present 


Solution 1000(given mass) 


= 55.55 mol of H,O 
18(molecular mass of water) 


Molarity is defined as th ber of moles of solute pre- 
erik aap ee a a a So, the molarity is 55.55 mol/1 L = 55.55 M. 


sent/volume of solution in liters. 


Solved Example 1-55 


Calculate the weight of MnO, and the volume of HCl Therefore, mass of MnO, = number of moles x molec- 
of specific gravity 1.2 g mL” and 4% nature by weight — ular weight = 0.0794 x 87= 6.913 g 
needed to produce 1.78 L of Cl, at STP by the reaction. Now, the number of moles of HCl = 4 x 0.07946 = 
0.3178 mol 
Solution Thus, the mass of HCl = 0.3176 x 36.5. 
The reaction involved is MnO, + 4HCl — MnCl, Don ee hoe ele ere aot aan 
ee ia V x1.2x = 0.317x365 
1.78 100 
The number of moles of Cl, = a 0.07946 mol Ve 0.317 x36.5x100 _ 741.05 mL. 


1.2x4 
The number of moles of MnO, = 0.07946 mol * 


1.7 | MISCELLANEOUS APPLICATION OF MOLE CONCEPT: GRAVIMETRIC 
ANALYSIS 


Gravimetric analysis is a quantitative analysis based on the measurement of weight by the process of isolating and 
weighing an element or compound in the pure form. Gravimetric analysis is concerned with the transformation of ele- 
ment to be determined into a pure and stable state which is suitable for weighing. The weight of element is calculated 
from the known formula of the compound and relative masses of its constituents. 

There are two main methods for carrying out this analysis — volatilization and precipitation. 


1. Precipitation method: In precipitation method, the substance is dissolved into a solvent and converted into a pre- 
cipitate by using a precipitating agent. The precipitate is filtered, dried, made free of contamination and converted 
into a compound of known stoichiometric composition. The compound is weighed and the amount of analyte is 
determined. 

The important criteria are that the precipitating agents should be specific for that compound, so that it does 
not precipitate out the impurities in the sample. The precipitate should form quantitatively in a short period of 
time, should be stable and have low solubility in the solvent. It should not react with moisture and be stable to 
heat treatment. 

Some important precipitating agents used are silver nitrate, potassium dichromate, anmonium molybdate 
and organic agents such as oxalates, dimethylglyoxime (DMG), anthranilic acid, etc. Some examples of pre- 
cipitation method are estimation of nickel by precipitation as Ni-DMG complex, lead as PbCrO,, copper as 
CuSCN, etc. 

2. Volatilization method: In volatilization method, the sample is either dried or heated to a separate volatile and 
non-volatile content. The non-volatile residue is weighed and loss of weight in the sample is the measure of vola- 
tile material present. This method is used for the determination of dissolved impurities in water. Another use is 
in the determination of amount of carbon dioxide in carbonate ores. A known amount of ore is heated, and metal 
residue obtained on volatilization of carbon dioxide. The amount of carbonate is determined from the difference 
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Solved Example 1-56 | 


4.08 g of a mixture of BaO and an unknown carbonate 
MCO, was heated strongly. The residue weighed 3.67 g. 
This was dissolved in 100 mL of 1 N HCl. The excess of 
acid required 16 mL of 2.5 N NaOH for complete neu- 
tralization. Identify the metal M. 


Solution 


On heating BaO does not decompose. Only carbonate 
decomposes as follows. 


MCO, > MO(s)+CO,(g) 


1 mol of MCO, =1 mol of MO =1 mol of CO, 

Loss in weight on heating is due to the loss of CO,. 
Weight of CO, = 4.08 — 3.64 = 0.44 g = 0.01 mol of CO, 
From stoichiometry, we have 

Moles of MO = moles of MCO, =0.01 gram equiv. of 
MO =2 (0.01) 


(where gram equiv. = acidity moles) 
Let x be the atomic weight of M. Then molecular mass 
of MCO, =x +60 = mass of BaO = 4.08 — 0.01 (x + 60). 
Now both the oxides, BaO and MO will react with HCl. 
At neutralization stage, 
milliequiv. of oxides = milliequiv. of HCI. 

milliequiv. of HCl used for oxide = 1 x 100 — 2.5 x 16 = 60 


Now, milliequiv. of MO + milliequiv. of BaO 


= [200 genes co x 1000 = 60 
154/2 
77x0.02+ 4,68 —0.01x = 0%” 
1000 


=> 0.01x = 4.62 -3.48-154>5x=40u 


Hence, the metal M having atomic weight 40 u is 
calcium (Ca). 


Solved Example 1-57 | 


Igniting MnO, in air converts it quantitatively to Mn,O,. 
A sample of pyrolusite is of the following composition: 
MnO, = 80% and other inert constituents = 15% and rest 
bearing H,O. The sample is ignited to constant weight. 
What is the percentage of Mn in the ignited sample? 


Solution 


The reaction involved is 3MnO, > Mn,O,+0,. From 
stoichiometry, we have: 

3 mol of MnO, = 1 mol of Mn,O, =3 mol of Mn 

1 mol of MnO, = 1/3 mol of Mn,O, 

Let 100 g of pyrolusite sample be taken. Then grams 
of MnO, = 80 g => moles of MnO, = 80/87 

From stoichiometry, we have 


Moles of Mn,O, = (3) 
3\ 87 


Moles of Mn = a0 
87 


Grams of Mn= ~ x55 = 50.57 g 


Grams of Mn,O, = (31 x 229 = 70.19 


Total weight of ignited sample = 70.19 + 15 (SiO, and 
inert matter) = 85.19 


Therefore, %Mn = et 
85.19 


x 100 = 59.36% 


SOLVED OBJECTIVE QUESTIONS FROM PREVIOUS YEAR PAPERS 


1. A2Lsolution contains 0.04 mol of each of [Co(NH;),SO,]Br 
and [Co(NH,),Br]SO,. To 1L of this solution, excess of 
AgNO, is added. To the remaining solution, excess of 
BaCl, is added. The amounts of precipitated salts, respec- 
tively, are (IIT-JEE 2003) 
(A) 0.01 mol, 0.01 mol (B) 0.01 mol, 0.02 mol 
(C) 0.02 mol, 0.01 mol (D) 0.02 mol, 0.02 mol 


Solution 


(D) Given that 2 L solution contains 0.04 mol each of 


concentration of [Co(NH;);SO,|Br and [Co(NH,);Br] 
SO, in 2 L of solution contains 0.02 mol L™. 
[Co(NH,),SO,]Br has ionizable Br ions and 
[Co(NH,);Br]SO, has ionizable SO} ions. The reac- 
tions involved are as follows: 


Ag* + Br. — AgBr 


Excess 0.02 
Ba’* +SO7 > BaSO, 
Excess 9,02 0.02 
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2. Which of the following has maximum number of atoms? 


(IIT-JEE 2003) 
(A) 24 g of C (Mol. wt. = 12 g mol") 
(B) 23 g of Na (Mol. wt.=23 g mol‘) 
(C) 48 g of S (Mol. wt. = 32 g mol”) 
(D) 108 g of Ag (Mol. wt. = 108 g mol’) 


Solution 


(A) 24 g carbon amounts to 24/12 = 2 mol, that is, 2 x 
6.023 x 10” atoms, whereas (B), (C) and (D) amount 
to 1 mol, 1.5 mol and 1 mol, respectively. 

. Given that the abundances of isotopes “Fe, “Fe and *’Fe 

are 5%, 90% and 5%, respectively. The atomic mass of Fe is 


(IIT-JEE 2009) 
(A) 55.85 (B) 55.95 
(C):.55.15 (D) 56.75 
Solution 
(B) Atomic mass of iron = cautery ae 55.95 u 
100 
. Among the following, the intensive property is (properties 
are) (IIT-JEE 2010) 


(B) electromotive force 
(D) heat capacity 


(A) molar conductivity 
(C) resistance 


Solution 


(A), (B) Resistance and heat capacity are mass dependent 
properties, hence they are extensive properties. 


. A student performs a titration with different burettes and 
finds titre value of 25.2 mL, 25.25 mL and 25.0 mL. The 
number of significant figures in the average titre value is 

(IIT-JEE 2010) 


Solution 


(3) The average titre value is (25.2 + 25.25 + 25.0)/3 = 
25.15 mL = 25.2 mL (according to addition of signifi- 
cant figures) which means there are three significant 
figures. 


. Silver (atomic weight=108 mol‘) hasadenisity of 10.5gcm”™. 
The number of silver atoms on a surface of area 10°” 

can be expressed in scientific notation as y x 10°. The value 
of x is (IIT-JEE 2010) 


Solution 


(7) We know that density = mass/volume. Given that den- 
sity = 10.5 g cm”. This means 10.5 g of Ag is present in 
lcm’. 

Thus, number of atoms of Ag present in one cm* = 
10.5/108 x Ny 

In 1 cm, number of atoms of Ag = (10.5/108 x N,)"” 
In 1 cm’, number of atoms of Ag = (10.5/108 x N,)”? 
In 10° cm’, number of atoms of Ag = (10.5/108 x 
N,)” x 10°* = (1.05 x 6.022 x 10/108) x 10° = 1.5 x 107 
Hence, x =7 


7. Dissolving 120 g of urea (mol. wt. = 60) in 1000 g of water 


gave a solution of density 1.15 g mL’. The molarity of the 
solution is F (IIT-JEE 2011) 


10. 


Telegram & 


(A) 1.78M (B) 2.00M 
(C) 2.05M (D) 2.22M 
Solution 


(C) Since the solution consists of both urea and water, so 
the mass of the solution = 1000 + 12 = 1012 g. 
Volume of solution = mass of solution/density of solu- 
tion = 1012/1.15 = 973.91 g mL”. 
Now, Molarity = Number of moles/Volume of solution 
in liters, where number of moles = 120/60 = 2. Thus, 
Molarity = 2/0.974 = 2.05 M. 


. Reaction of Br, with Na,CO, in aqueous solution gives 


sodium bromide and sodium bromate with evolution of 
CO, gas. The number of sodium bromide molecules involve 
in the balanced chemical equation is : 
(IIT-JEE 2011) 
Solution 


(5) The balanced chemical equation is: 


3Na,CO, + 3Br, — SNaBr + NaBrO, + 3CO, 


. The volume (in mL) of 0.1 M AgNO, required for com- 


plete precipitation of chloride ions present in 30 mL of 
0.01 M solution of aie O),CI]CL,, as silver chloride is 
close to (IIT-JEE 2011) 


Solution 
(6) The reaction involved is 
2AgNO, +[Cr(H,O),ClC1, 
— 2AgCl+[Cr(H,O),Cl](NO;), 


Using molarity equation, we get 


(Mxnx V) agno, =(Mxnx V icra), 111, 


0.1x1xV =0.01x2x30 > V=6 mL 


29.2% (w/w) HCI stock solution has density of 1.25 g mL™. 
The molecular weight of HCl is 36.5 g mol’. The volume 
(mL) of stock solution required to prepare a 200 mL solu- 
tion of 0.4 M HCl is (IIT-JEE 2012) 


Solution 


(8) Given that density of solution = 1.25 g mL". 
29.2% HCl means 29.2 g of HCl in 100 g of the solution 
Density of the solution = Mass of the solution/Volume 
of the solution = V = 100/125 mL. 
Now, molarity of the solution = 


Number of moles of HCl _ 29.2/36.5 x 1000 
Volume of solution 100/1.25 
=10M 
Using molarity equation MV, = M,V,, we get 


10xV =0.4 x 200 => V =8 mL 
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11. 


12. 


13. 


14. 


15. 


A compound H,X with molar weight of 80 g is dissolved in 
a solvent having density of 0.4 g mL". Assuming no change 
in volume upon dissolution, the molality of a 3.2 molar 
solution is (JEE Advanced 2014) 


Solution 
(8) Given that molarity is 3.2 M, so 3.2 moles are dissolved 
in 1000 ml of solution. Now, 

Mass = Density x Volume > 0.4 x 1000 = 400 g 


32 
Therefore, molality is = 400 x 1000 = 8 molal 


Three moles of B,H, are completely reacted with metha- 
nol. The number of moles of boron containing product 
formed is (JEE Advanced 2015) 


Solution 


(6) The reaction is 

B,H,+6CH,OH > 2B(OCH,),+6H, 
From the reaction, 1 mol of B,H, reacts with 6 mol of 
CH,OH to produce 2 mol of B(OCH,),. 


Therefore, 3 mol of B,H, would react with 18 mol of 
CH,OH to produce 6 mol of B(OCH,);. 


25 mL of a solution of barium hydroxide on titration with 
0.1 M solution of hydrochloric acid gave a liter value of 
35 mL. The morality of barium hydroxide solution was 


(AIEEE 2003) 
(A) 0.07 (B) 0.14 
(C) 0.28 (D) 0.35 
Solution 


(B) Using the molarity equation, M,V,=M,V, (HCl), we get 


M,=01x22=0.14 
25 


6.02 x 10° molecules of urea are present in 100 mL of its 
solution. The concentration of urea solution is 


(AIEEE 2004) 
(A) 0.001 M (B) 0.1M 
(B) 0.02 M (D) 0.01M 
Solution 


(D) 6.02 x 10” molecule makes 1 mol. So, 6.02 x 10” mol- 
ecule makes 1/1000 (107) mol. The concentration is 
Number of moles 


Concentration = — 
Volume (in liters) 
-3 
LU a 
1000 


Two solutions of a substance (non-electrolyte) are mixed 
in the following manner. 480 mL of 1.5 M first solution + 
520 mL of 1.2 M second solution. What is the molarity of 


the final mixture? (AIEEE 2005) 
(A) 120M (B) 150M 
(B) 1.344M (D) 2.70M 


16. 


17. 


18. 


om 
(7 
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Solution 
(C) According to molarity equation M,(V, + V,) = M,V,+ 
M,V,, we have 
_ (480 x 1.54520 1.2) | 


M, =1.344M 
1000 


If we consider that 1/6, in place of 1/12, mass of carbon 
atom is taken to be the relative atomic mass unit, the mass 
of one mole of substance will (AIEEE 2005) 
(A) decrease twice 

(B) increase two fold 

(C) remain unchanged 

(D) be a function of the molecular mass of the substance 


Solution 


(A) The relative atomic mass is expressed as 


Relative atomic mass 
Mass of one atom of the element 


~ 1/12th part of the mass of one atom of carbon 


If 1/12 is replaced with 1/6, then we have 


Relative atomic mass 
Mass of one atom of the element 


1/ 6th part of the mass of one atom of carbon 


Now, 1 mol of substance = 6.023 x 10” atoms. If we 
consider the mass of 1 mol in kg then it will remain the 
same, and in relative atomic mass units, it will become 
half times the original. 


How many moles of magnesium phosphate, Mg,(PO,), will 
contain 0.25 mole of oxygen atoms? (AIEEE 2006) 
(A) 0.02 (B) 3.125x 107 

(C) 1.25 x 107 (D) 2.5 x 10° 


Solution 
(B) One mole of Mg,(PO,), contains 8 oxygen atoms. 
nmoles contain 87 oxygen atoms. Therefore for 0.25 mol, 


0.25=8n>n= “= = 3.125x107 


Density of a 2.05 M solution of acetic acid in water is 
1.02 g mL. The molality of the solution is (AIEEE 2006) 
(A) 1.14 mol ke™ (B) 3.28 mol kg 
(C) 2.28 mol kg” (D) 0.44 mol ke 


Solution 
(C) Molality is given by 


Molality = Number of moles _ (m/w) moles 


kg of solvent kg of solvent 


Now, assume 1 L of solution. We need to convert the 
molarity units from mol L™ to mol kg. 


Malai 2.05 mol - 1mL ” 1L 1000 g 
y= TL 102g 1000mL 1kg 
= 2.0098 mol/kg 
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19. The density (in g mL’) of a 3.60 M sulphuric acid solu- 
tion that is 29% H,SO, (molar mass = 98 g mol") by mass 


will be (AIEEE 2007) 
(A) 1.45 (B) 1.64 

(C) 1.88 (D) 1.22 

Solution 


(D) Let the density of solution be p. Molarity of solution 
given = 3.6 M, that is 1 L of solution contains 3.6 mol 
of H,SO, or 1 L of solution contains 3.6 x 98 g of 
H,SO,,. Since the solution is 29% by mass, 

100 g solution contains 29 g H,SO, 
100/p mL solution contains 29 g H,SO, 
1000 mL solution contains 3.6 x 98 g H,SO, 
Therefore, > 
3,6x 98 = 22%? x 1000 
100 


Solving, we get p= 1.22 gmL™. 


20. A 5.2 molal aqueous solution of methyl alcohol CH,OH is 
supplied. What is the mole fraction of methyl alcohol in the 
solution? (AIEEE 2011) 
(A) 0.190 (B) 0.086 
(C) 0.050 (D) 0.100 
Solution 


(B) Mole fraction of methyl alcohol = number of moles 
of methyl alcohol/total number of moles (i.e., both 
CH,OH + H,O) 


m _ 5.2 
1000 — 
‘18 , 18 


Mole fraction = 


21. The density of a solution prepared by dissolving 120 g of 
urea (molar mass = 60 u) in 1000 g of water is 1.15 g mL". 


The molarity of the solution is (AIEEE 2012) 
(A) 0.50 M (B) 178M 

(C) 1.02 M (D) 2.05 M 

Solution 


(D) Molarity of solution is defined as 


_ Number of moles of urea 1000 


~ Volume of solution in mL 
Now, number of moles of urea 
_ Given mass of urea _ 120 


Molar mass of urea 60 
Also, density of solution 


(1) 
where mass of solution = mass of urea + mass of water 

= 120+ 1000=1120¢ 
Substituting values in Eq. (1), we get 


= Mass of solution/Volume of solution 


(ieee 1120 
Volume 


1120 


= Volume = Tas = 973.9 mL 


Therefore, 


22. 


23. 


24. 


25. 
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‘ix 120/60 
973.9 


x 1000 = 2.05 M 


The molarity of a solution obtained by mixing 750 mL of 
0.5 M HCl with 250 mL of 2 M HC! will be 


(JEE Main 2013) 
(A) 1.00 M (B) 175M 
(C) 0.975 M (D) 0.875 M 
Solution 
(D) M,V,+M,V,=Mv = m=24% ae 

0.5 x 750+ 2x 250 = M=0.875 
1000 

The ratio of masses of oxygen and nitrogen in a particular 
gaseous mixture is 1:4. The ratio of number of their mol- 
ecule is (JEE Main 2014) 
(A) 1:4 (B) 7:32 
(C) 1:8 (D) 3:16 
Solution 


(B) Let the mass of oxygen be x and that of nitrogen be 4x. 


So, the number of moles of oxygen is x/32 and that of nitro- 
gen is 4x/28 = x/7 
7 


x 7 
Th ired ratio is —~X —= 
e required ratio is > = 35 
3 g of activated charcoal was added to 50 mL of acetic 
acid solution (0.06 N) in a flask. After an hour it was fil- 
tered and the strength of the filtrate was found to be 
0.042 N. The amount of acetic acid adsorbed (per gram of 


charcoal) is: (JEE Main 2014) 
(A) 36 mg (B) 42 mg 

(C) 54mg (D) 18 mg 

Solution 


(D) Initial moles of CH,COOH = 0.06 x 50 

Final moles of CH,COOH = 0.042 x 50 

So, the mass of CH,COOH adsorbed per gram of charcoal 
_ (0.060.042) x 50x 10° x 60x 10° 


3 
The molecular formula of a commercial resin used for 
exchanging ions in water softening is C,H,SO,Na (Mol. 
Wt. 206). What would be the maximum uptake of Ca™* 
ions by the resin when expressed in mole per gram 


= 18 mg 


resign? (JEE Main 2015) 
1 2 

A) — By —— 

(A) 206 ” 309 
1 1 

C) — py): 

©) 412 ©) 103 

Solution 


(C) 2C,H,SO,Na + Ca** — (C,H;SO,),Ca+ 2Na’ 


1/206 mol 
1 1 


. 2+ * = —— = — 
Maximum uptake of Ca™ ions = 6x2 412 
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Numerical Problems 


REVIEW QUESTIONS 


. Define mass and weight. How are they measured? 


. What does symbol S.I. signify? Name the seven basic S.I. 


units. 


. Explain why chemists might find it more useful to describe 


concentrated H,SO, as a solution that contains 18.0 mol of 
solute per liter instead of as a solution that is 96.0% H,SO, 
by mass. 


. What is the difference between the mass of a molecule and 


gram molecular mass? 


. Calculate the amount of carbon dioxide that could be 


produced when 

(a) one mole of carbon is burnt in air. 

(b) one mole of carbon is burnt in 16 g of dioxygen. 
(c) two moles of carbon are burnt in 16 g of dioxygen. 


. n gram of a substance X reacts with m g of substance Y to 


form p g of substance R and q g of substance S. This reac- 
tion can be represented as follows: X + Y = R+S. What is 
the relation which can be established in the amounts of the 
reactants and the products? 


. A gold-colored metal object has a mass of 365 g and 


a volume of 22.12 cm’. Is the object composed of pure 
gold? 


. Why must measurements always be written with units? 


What is the meaning of each of the following prefixes? 
(a) centi-, (b) milli-, (c) kilo-, (d) micro-, (e) nano-, (f) pico- 
and (g) mega- 


. State the rules to follow in rounding off a number. 
10. 


Suppose 2.0 mol of H,(g) is mixed with 1.0 mol of O,(g) 
and allowed to react as shown below. 


2H, (g) + O,(g) > 2H,0(1) 


(a) How many atoms of H and O are initially present? 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


(b) How many atoms of H and O will there be in the 
product? 
(c) How many molecules of H, and O, were initially 
present? 
(d) How many molecules of H,O were formed? 
The following data are obtained when dinitrogen and diox- 
ygen react together to form different compounds: 
Mass of dinitrogen Mass of dioxygen 
(A) 14g 16g 
(B) 14g 32¢ 
(C) 28g 32¢ 
(D) 28g 80g 


Which law of chemical combination is obeyed by the above 
experimental data? Give its statement. 


Describe what you need to do in the laboratory to test (a) 
the law of conservation of mass, (b) the law of definite pro- 
portions and (c) the law of multiple proportions. 


What is meant by the statement “1 g of Mg is burnt in a 
closed vessel that contains 0.5 g of O,”? 


State true or false and give reasons: “Average atomic mass 
of an element depends mainly on the heavier isotope.” 


Give reasons for the following: 

(a) Both 106 g of sodium carbonate and 12 g of carbon 
have same number of carbon atoms. 

(b) The volume occupied by one molecule of water, if 
density of water is 1.0 x 10° kg m™ is 2.99 x 10 mL. 


Identify the compound and mixture from the following: 
cinnabar and brass. 


What are the number of significant digits in Avogadro’s 
constant? 


NUMERICAL PROBLEMS 


. The interatomic distance in the hydrogen molecule is given 


as 0.74 A. What is this distance in nanometers, micrometers 
and millimeters? 


- Calculate the number of moles of nitrogen dioxide NO, 


that could be prepared from 0.35 mol of nitrogen oxide and 
0.25 mol of oxygen. 


2NO(g) + O,(g) > 2NO,(g) 


. B-Carotene is the pro-vitamin from which nature builds 


vitamin A. Calculate the molecular formula for B-carotene 
if the compound is 89.49% C and 10.51% H by mass and its 
molecular weight is 536.89 g mol. 


. Urea (H,NCONH.,) is manufactured by passing CO,(g) 


through ammonia solution followed by crystallization. CO, 
for the above reaction is prepared by combustion of hydro- 
carbon. If combustion of 236 kg of a saturated hydrocarbon 


(C,H,,,,2) produces as much CO, as required for produc- 
tion of 999.6 kg urea then what is the molecular formula of 
hydrocarbon? 


. Inan experiment, 10cm’ of an organic compound in the gas- 


eous state were sparked with an excess of oxygen. 20cm’ of 
carbon dioxide and 5 cm’ of nitrogen were obtained among 
the products. All gas volumes were measured at the same 
temperature and pressure. What are the possible molecular 
formulas that would fit these data? 


. Sulphuric acid reacts with sodium hydroxide as follows: 


H,SO, + 2NaOH > Na,SO, + 2H,O 


When 1L of 0.1M sulphuric acid solution is allowed to 
react with 1 L of 0.1M sodium hydroxide solution, what is 
the amount of sodium sulphate formed and its molarity in 
the solution? 
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7. If haemoglobin (molecular weight = 67200) contains 0.33% 
of iron by weight, then what is the number of iron atoms 
present in one molecule of haemoglobin? 

8. When 1 L of CO, is heated with graphite, the volume of the 
gases collected is 1.5L. Calculate the number of moles of 11. 
CO produced at STP. 

9. X and Y are two elements which form X,Y, and X,Y,. If 
0.20 mol of X,Y, weighs 32.0 g and 0.4 mol of X,Y, weighs 
92.8 g, what are the atomic masses of X and Y? 


10. What will be the composition of residual mixture if 30 g of 
Mg combines with 30 g of oxygen? 
(a) 40g MgO +20¢ O, (b) 45g MgO + 15g 0, 
(c) 50g MgO + 10g 0, (d) 60g MgO only. 


Manganese trifluoride can be prepared by the following 
reaction: 

MnL(s) + F,(g) > MnF, + IF, 
What is minimum number of grams of F, that must be used 
to react with 12.0g of Mnl, if overall yield of MnF, is no 
more than 75%? 


ADDITIONAL OBJECTIVE QUESTIONS 


7. The sterile saline solution used to rinse contact lenses can 
be made by dissolving 400 mg of NaCl in sterile water and 
diluting to 100mL. What is the molarity of the solution? 
(A) 0.0685 M (B) 0.0312M 
(C) 0.0212M (D) 0.0418M 


Single Correct Choice Type 


1. How much quantity of zinc will have to be reacted with 
excess of dilute HCl solution to produce sufficient hydro- 
gen gas for completely reacting with the oxygen obtained 


by decomposing 5.104 g of potassium chlorate? 


. Titanium metal is obtained from the mineral rutile, TiO,. 


(A) 8.124 g (B) 81.24 g How many kilograms of rutile are needed to produce 
(C) 0.08 g (D) 812.4 g 100.0 kg of Ti? 

. Octane is a component of gasoline. Incomplete combus- (A) 166.8 kg (B) 132.4kg 
tion of octane produces some CO along with CO, and H,O, (C) 114kg (D) 14.3 kg 


which reduces efficiency of engine. In a certain test run, 1.0 
gallon of octane is burned and total mass of CO, CO, and 
H,0 produced was found to be 11.53 kg. The efficiency of 
the engine would be [density of octane is 0.7 g cm™] 


. Asample of tap water contains 366 ppm of HCO; ions with 


Ca™ ion. Now it is removed by Clarke’s method by addition 
of Ca(OH),. Then what minimum mass of Ca(OH), will be 


(A) 80% (B) 95.5% required to remove HCO; ions completely from 500 g of 
(C) 40.2% (D) 51.2% same tap water sample? 
A)1 B) 0.4 
. The number of moles of CaCl, needed to react with excess mi 02229 - 01 i 5 
of AgNO, to produce 4.31 g of AgCl is 
(A) 0.030 (B) 0.015 10. An inorganic substance has the following composition: 
(C) 0.045 (D) 0.060 N = 35%, H = 5%, O = 60%. On being heated, it yielded a 


. Chlorine is prepared in the laboratory by treating man- 
ganese dioxide (MnO,) with aqueous hydrochloric acid 
according to the reaction 


4HCl(aq) + MnO,(s) > 2H,O(1) + MnCL(aq) 
+CL(g) 
The grams of HCl react with 5.0 g of manganese dioxide 
will be [atomic mass of Mn = 55u] 
(A) 84g (B) 0.84¢ 
(C) 84g (D) 4.2¢ 


. Copper reacts with dilute nitric acid according to the fol- 


11. 


gaseous compound containing N = 63.3% and O = 36.37%. 
Which of the following reaction can be suggested based on 
the given data? 

(A) 2HNO, > N,O, + H,O 

(B) NH,OH + HONO > N,O + 2H,O 

(C) NH,NO, > N,O + 2H,O 

(D) 2HNO, > N,O,+ H,O 


55g of Ba(MnO,), sample containing inert impurity is 
completely reacting with 100mL of 56 volume strength of 
H,O,, then what will be the percentage purity of Ba(MnO,), 
in the sample? (Ba — 137u, Mn — 55u) 


lowing equation: (A) 40% (B) 25% 
3Cu(s) + SHNO,(aq) > 3Cu(NO,),(aq) + 2NO(g) (C) 10% (D) 68.18% 
+ 4H,O(1) 12. The simplest formula of a compound containing 50% of 


If a copper coin weighing 3.045 g is dissolved in a small 


element X (atomic mass 10) and 50% of element Y (atomic 


amount of nitric acid and the resultant solution is mass 20) is 

diluted to 50.0 mL with water, what is the molarity of the (A) XY (B) X,Y 

Cu(NO,),? (C) XY, (D) X°Y, 

(A) 0.958 M (B) 0.278 M ee ‘ : 

(C) 0.145M (D) 0312M 13. Hydrochloric acid solutions A and B have concentration of 


. 8 g of sulphur is burnt to form SO, which is oxidized by 
Cl, water. The solution is treated with BaCl, solution. The 
amount of BaSO, precipitate is 

(A) 1 mol (B) 0.5 mol 

(C) 0.24 mol 


0.5N and 0.1N, respectively. The volume of solution A and 
B required to make 2 L of 0.2 N hydrochloric are: 

(A) O0SLofA+15LofB (B) LOLofA+LOLofB 
(C) 15LofA+05LofB (D) 0.75 LofA+125 LofB 
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14. 


15. 


16. 


17. 


18. 


19. 


20. 


The density of 1M solution of NaCl is 1.0585 ¢ mL”. The 
molality of the solution is 

(A) 1.0585 molal (B) 1.00 molal 

(C) 0.10 molal (D) 0.0585 molal 


H,PO, is a tribasic acid and one of its salt is NaH,PO,. 
What volume of 1M NaOH solution should be added to 
12g of NaH,PO, to convert it into Na,PO,? 

(A) 100 mL (B) 200 mL 

(C) 80 mL (D) 300 mL 


A sample of hard water contains 1 mg CaCl, and 1 mg 
MgCl, per liter. Calculate the hardness of water in terms 
of CaCO, present in per 10° parts of water. 

(A) 215 ppm (B) 2.15 ppm 

(C) 105 ppm (D) None of these 

A 10.0 g sample of a mixture of calcium and sodium chlo- 
ride is treated with Na,CO, to precipitate the calcium as 
calcium carbonate. This CaCO, is heated to convert all the 
calcium into CaO and final mass of CaO is 1.62 g. The % by 
mass of CaCl, in the original mixture is 

(A) 15.2% (B) 32.1% 

(C) 218% (D) 11.7% 


A sample of hard water contains 244 ppm of HCO; ions. 
What is the minimum mass of CaO required to remove 
ions completely from 1 kg of such a water sample ? 

(A) 56 mg (B) 112 mg 

(C) 168 mg (D) 244 mg 

A metal oxide has the formula Z,O,. It can be reduced by 
hydrogen to give free metal and water. 0.16g of the metal 
oxide required 6mg of hydrogen for complete reduction. 
The atomic weight of the metal is 

(A) 279 (B) 159.6 

(C) 79.8 (D) 55.8 

P and Q are two elements which from P,Q, and PQ,. If 
0.15 mol of P,Q, weights 15.9 g and 0.15 mol of PQ, weights 
9.3 g, the atomic weight of P and Q is, respectively 

(A) 18, 26 (B) 26,18 

(C) 13,9 (D) none of these 


Multiple Correct Choice Type 


1. 


2. 


Which of the following 
concentration? 

(A) 20 g of NaOH in 200 mL of solution. 
(B) 0.5 mol of KCl in 200 mL of solution. 
(C) 40 g of NaOH in 100 mL of solution. 
(D) 20 g of KOH in 200 mL of solution. 


Which of the following quantities are dependent on 
temperature? 
(A) Molarity 
(C) Molality 


solutions have the same 


(B) Normality 
(D) Mole fraction 


. PF, reacts with XeF, to give PF.. 


2PF,(g) + XeF,(s) > 2PF.(g) + Xe(g) 


If 100.0 g of PF, and 50.0 of XeF, react, then which of the 
following statements is true? 

(A) XeF, is the limiting reagent. 

(B) PF, is the limiting reagent. 

(C) 1.137 mol of PF, are produced. 

(D) 0.482 mol of PF; are produced. 
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Additional Objective Questions 


4. 1 mol of H,SO, will exactly neutralize 


(A) 2 mol of ammonia 
(C) 0.5 mol of Ba(OH), 


(B) 1 mol of Ca(OH), 
(D) 2 mol NaOH 


Assertion-Reasoning Type 


Choose the correct option from the following: 


(A) Statements 1 and 2 are True; Statement 2 is the correct 
explanation of Statement 1 

(B) Statements 1 and 2 are True; Statement 2 is not the 
correct explanation of Statement 1 

(C) Statement 1 is True, Statement 2 is False. 

(D) Statements 1 is False, Statement 2 is True. 


. Statement 1: Molecular mass = 2 x Vapor density. 


Statement 2: Vapor density is the mass ratio of 1 mol of 
vapor to that of hydrogen. 


. Statement 1: The molality of the solution does not change 


with temperature 


Statement 2: The molality is expressed in units of moles per 
1000 g of solvent. 


. Statement 1: The percentage of nitrogen in urea is 46.6%. 


Statement 2: Urea is a convalent compound. 


. Statement 1: H,PO, is a dibasic acid and its salt Na,PO, 


does not exist. 


Statement 2: Being dibasic, only two H’s are replaceable. 


Integer Answer Type 


The answer is a non-negative integer. 


1, 


25 
3. 


The number of moles and equivalents in 196 g of H,PO, are 


The number of molecules in 16 g of SO, is 
The number of gram atoms in 24 g of magnesium is 


. The residue obtained on strongly heating 2.48 g Ag,CO, is 


. The reaction is 
Ag,CO, > Ag+CO, +0, 


Given that the atomic mass of Ag = 108 u. 


. The atomicity of the molecule of H,SO, is 
. Two moles of 50% pure Ca(HCO,), on heating forms one 


mole of CO,. The percentage yield of CO, is 


. 4.48 L of ammonia at STP is neutralized using 100 mL ofa 


solution of H,SO,, the molarity of acid is 


Matrix—Match Type 


1, 


Match the acid with its nature based on its basicity. 
Column | Column II 
(A) H,PO, (p) Monobasic 
(B) H,PO, (q) Pentabasic 
(C) H,BO, (r) Tribasic 
(D) EDTA (s) Tetrabasic 
(t) Dibasic 
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2. Match the number of moles with their amount. 3. Match the concentration terms with the factors affecting 
Col | Col II the concentrations. 
olumn olumn 
(A) 0.1 mol (p) 4480 mL of CO, at STP Column | Columnll 
(B) 0.2 mol (q) 0.1 g atom of iron (A) Molarity (M) (p) Temperature 
(C)0.25mol — (r) 1.5 x 10% molecules of oxygen gas (B) Molality (m) (q) Pressure 
(D) 0.5 mol (s) 9 mL of water (C) Mole fraction (x) (r) Dilution 
(t) 200 mg of hydrogen gas (D) Normality (s) Volume 


ANSWERS 


Review Questions 


2. S.I. signifies International System of Units or Systéme Internationale (in French). The seven basic S.I. units are meter, kilogram, 
second, ampere, kelvin, mole and candela. 
3. Mole is a more convenient unit. Percent mass requires a conversion to moles. 
5. (a) 1 mol of carbon burns in 1 mol of dioxygen (air) to produce 1 mol of carbon dioxide. 
(b) Dioxygen is the limiting reagent. 
(c) 16 g of dioxygen can combine with only 0.5 mol of carbon to give 22 g of carbon dioxide. 
6.n+m=p+q 
7. The object is not composed of pure gold. 
8. (a) centi = 107; (b) milli = 10°; (c) kilo = 10°; (d) micro = 10°; (e) nano = 10°; (f) pico = 10"; (g) mega = 10°. 
11. Law of multiple proportions. 
13. 6.023 x 10” 
14. False. 
15. (a) Both contain 1 g atom of carbon that contains 6.023 x 10” carbon atoms. 
(b) 1 mol of H,O = 18 g 
16. Cinnabar is a chemical compound, whereas brass is a mixture. 
17. Four. 


Numerical Problems 


1. 0.74x 10° m; 2. 0.35 mol; 0.50 mol 3. C,, He 4. C,,H,, 

0.074 nm; 

0.74 x 107 um; 

0.74 x 107 mm 
5. (a) CHLN; (b) C,H,N 6. 0.025 M 7. 4atoms of Fe 8. 1/22.4 mol 
9. My =56u, M,y= l6u 10. 50 g MgO and 10g O, 11. 12.78 g of F, 


Additional Objective Questions 
Single Correct Choice Type 


1. (A) 2. (B) 3. (B) 4. (C) 5. (A) 
6. (D) 7. (A) 8. (A) 9. (D) 10. (C) 
11. (D) 12. (B) 13. (A) 14. (B) 15. (B) 
16. (B) 17. (B) 18. (B) 19. (D) 20. (B) 
Multiple Correct Choice Type 

1. (A,B) 2. (A,B) 3. (A,D) 4. (A, B,D) 
Assertion—Reasoning Type 

1. (B) 2. (B) 3. (B) 4. (A) 

Integer Answer Type 

1. (2,6) 2. (1.5 x 10”) 3. (1) 4. (2) 5. (7) 
6. (100) 7. (1) 

Matrix—Match Type 

1. A> (r);B > (t); C> (p);D > s) 2. A- (q,t);B > (p); C > (1); D > (s) 


3. A> (p,q1,8);B > (q,1);C > (q, Bjttes @lagram.me/unacademyplusdiscounts 
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Among the first reactions studied by early scientists were those that 
involved oxygen. The combustion of fuels and the reactions of metals 
with oxygen to give oxides were described by the word oxidation. The 
removal of oxygen from metal oxides to give the metals in their ele- 
mental forms was described as reduction. In 1789, the French chemist 
Antoine Lavoisier discovered that combustion involves the reaction 
of chemicals in various fuels, like wood and coal, not just with air but 
specifically with the oxygen in air. Over time, scientists came to realize 
that such reactions were actually special cases of a much more general 
phenomenon, one in which electrons are transferred from one sub- 
stance to another. Collectively, electron transfer reactions came to be 
called oxidation-reduction reactions, or simply redox reactions. 


2.1 | OXIDATION NUMBER CONCEPT 


Oxidation Number and Oxidation State 


The oxidation number of an element indicates the number of elec- 
trons lost, gained, or shared when the element changes from free 
state to form that compound (i.e., as a result of chemical bonding). 
The change in the oxidation number of a species helps us identify 
if the element has undergone oxidation or reduction. In a redox 
reacion, oxidants show a decrease in oxidation number. They have 
higher oxidation number in a conjugate redox pair. The reductants 
are substances that show an increase in oxidation number. They 
have lower oxidation number in the conjugate redox pair. In case 
of ionic compounds, it represents a real charge while for covalent 
compounds, it is the charge that atom would have if all electrons in 
its bonds were assigned to the more electronegative atom. A redox 
reaction can also be defined as a chemical reaction in which changes 
in oxidation numbers occur. It is easy to follow redox reactions by 
taking note of the changes in oxidation numbers. The concept of 
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oxidation number was introduced by chemists to account for electron transfer in redox reactions leading to the forma- 
tion of covalent compounds. When we assign oxidation numbers to atoms in a compound, the compound is treated as 
if it were ionic, and the shared electrons in each bond are assigned to the more electronegative element. It does not 
matter whether the compound actually contains ions. Both the strontium atom in SrF, and the carbon atom in CO, for 
example, are assigned oxidation numbers of +2, even though one of the compounds is predominantly ionic and the 
other is predominantly covalent. 

A term that is frequently used interchangeably with oxidation number is oxidation state. Oxidation state refers 
to the degree of oxidation of an atom in a molecule. Each atom of the molecule will have a distinct oxidation state for 
that molecule where the sum of all the oxidation states will equal the overall electrical charge of the molecule or ion. 

Oxidation number is the total charge on all the atoms of the same kind constituting a compound, whereas oxidation 
state is the charge per atom of all the atoms of the same kind constituting a compound. Thus, oxidation state = oxidation 
number x total number of atoms of the element in the compound. 

In NaCl, sodium has an oxidation number of +1 and is said to be “in the +1 oxidation state” Similarly, the chlorine 
in NaCl is in the —1 oxidation state. Chemists refer to an atom that has been assigned an oxidation number in a molecule 
as having a particular oxidation state. 

There are times when it is convenient to specify the oxidation state of an element when its name is written out. This 
is done by writing the oxidation number as a Roman numeral in parentheses after the name of the element. For exam- 
ple, “iron(III)” means iron is in the +3 oxidation state. In molecular compounds, the oxidation number is expressed by 
putting the Roman numeral in parenthesis after the symbol of the metal in the molecular formula. For example, ferric 
chloride can be represented as Fe(III)Cl, and ferrous chloride as Fe(II)Cl,. The oxidation number helps in identifying 
in which compound the element is present in reduced and oxidized states. For example, stannous chloride Sn(II)Cl, 
is obtained by the reduction of stannic chloride Sn(IV)Cl,. This notation was given by German Chemist, Alfred Stock 
and is known as Stock notation. 


Note: It is assumed that if two or more than two elements of an element are present in a molecule or ion (e.g., two 
atoms of sulphur in Na,S,O,), then the oxidation number of that element is the average of the oxidation number of 
all the atoms of that element. 


Rules for Assigning Oxidation Number 


The oxidation number of an element in a particular compound is assigned according to a set of rules, which are 
described below. For simple, monoatomic ions in a compound such as NaCl, the oxidation numbers are the same as 
the charges on the ions, so in NaCl the oxidation number of sodium is +1 and the oxidation number of chlorine is —1. 
However, for molecular compounds, the oxidation number does not actually equal a charge on an atom. 


Note: To be sure to differentiate oxidation numbers from actual electrical charges, we will specify the sign before 
the number when writing oxidation numbers, and after the number when writing electrical charges. Thus, a sodium 
ion has a charge of 1+ and an oxidation number of +1. 


In covalent compounds, it is not always possible to determine which of the element is more electronegative and 
hence assign the oxidation number. The following set of rules are followed to determine the oxidation numbers of 
elements in molecular compounds. 


1. The oxidation number of any free element (an element not combined chemically with a different element) is zero, 
regardless of how complex its molecules are. For example, each atom in molecules such as H,, O,, S,, P,, Ca, K, etc. 
has oxidation number zero. 


2. The oxidation number for any simple, monoatomic ion (e.g., Na” or Cl) is equal to the charge on the ion. The 
charge on a polyatomic ion can be viewed as the net oxidation number of the ion. The oxidation number of a 
polyatomic ion is equal to the charge on the ion. For example, the oxidation state of the sulphate ion, (SO) is —2 
and the oxidation state of the phosphate ion, (PO}) is —3. 


3. The sum of all the oxidation numbers of the atoms in a molecule or polyatomic ion must equal the charge on the 
particle. For example, in Cr,O7 , the sum of oxidation numbers of two chromium and seven oxygen atoms must be 
equal to —2. The algebraic sum of oxidation numbers of all the atoms in a compound must be zero. 


4. In all its compounds, fluorine has an oxidation number of —1. Other halogens also have —1 oxidation number in 


their halides but the oxoacids and oxoanions of halogens have positive oxidation numbers. 
https://telegram.me/unacademyplusdiscounts 


Telegram @unacademyplusdiscounts 


2.1 | Oxidation Number Concept 


5. In most of its compounds, hydrogen has an oxidation number of +1. When combined with a less electronegative 
element (usually a metal), hydrogen has oxidation number —1 (e.g., LiH). 


6. In most of its compounds, oxygen has an oxidation number of —2. Exceptions include molecules and polyatomic 
ions that contain O-O bonds, such as O,, O;, H,O, and the O ion. In peroxide, it is -1, in superoxides, it is -1/2. 
Oxygen is positive only when bound to the more electronegative fluorine. When it is bonded to fluorine (OF, or 
O.F,), the oxidation numbers are +2 and +1, respectively. 

7. In binary ionic compounds with metals, the non-metals have oxidation numbers equal to the charges on their 
anions. For example, Mg,P contains the phosphide ion P* which has an oxidation number of —3. 


Whenever there is a conflict between two of these rules, we apply the rule with the lower number and ignore the con- 
flicting rule. 

For example, for determination of oxidation number of atoms in hydrogen peroxide H,O,, Rule 6 is the higher 
numbered rule causing the conflict, so we have to ignore it this time and just apply Rules 3 (the sum rule) and 5 (the 
rule that tells us the oxidation number of hydrogen is +1). Since we do not have a rule that applies to oxygen in this 
case, we will represent the oxidation number of O by x. 


H(2 atoms) x(+1) =+2 (Rule 5) 
O(2 atoms)x(x) =2x 
Sum=0 (Rule 3) 


For the sum to be zero, 2x = —2, so x = —1. Therefore, in this compound, oxygen has an oxidation number of —1. 
Therefore, charge on H = 1+ and that on O = 1- 
Similarly for determining the average oxidation number of the nitrogen in sodium azide whose formula is NaN,, 
we know that sodium exists as the ion Na‘ and that the compound is neutral overall. Therefore, 


Na(1 atom) x (+1) =+1 (Rule 2) 
N(3 atoms)x(x) =3x 
Sum=0 (Rule 3) 


The sum of the oxidation numbers of the three nitrogen atoms in this ion must add up to —1, so each nitrogen must 
have an oxidation number of —1/3. 


Oxidation Numbers for Different Types of Elements 


In addition to these basic rules, some important characteristics of oxidation number of different types of elements are 
listed as follows: 1. All the metals in Group 1 form ions with a 1+ charge, and all those in Group 2 form ions with a 
2+ charge. This means that when we find sodium in a compound, we can assign it an oxidation number of +1 because 
its simple ion Na” has a charge of 1+ (by applying Rule 2). Some elements, particularly transition elements and some 
p-block elements show variable oxidation states. For example, transition element Fe forms Fe* and Fe™ ions, so in 
an iron compound we have to use the listed rules to figure out which Fe ion is present. In p-block elements, variable 
oxidation number is shown by As (+3 and +5), Sb (+3 and +5), Sn (+2 and +4), etc. 

When non-metals are combined with hydrogen and oxygen in compounds or polyatomic ions, their oxidation number 
varies and have to be calculated using the above rules. Non-metals can have both positive or negative oxidation numbers. 

Figure 2.1 shows the common oxidation numbers for many of the elements in the periodic table. Different shades 
are used to distinguish among elements that have only positive, only negative, both negative and positive oxidation 
states. From the figure, the following observations can be made: 


1. Elements in the same group often have the same oxidation numbers. 


2. The largest, or most positive, oxidation number of an atom is often equal to the group number of the element. For 
example, the largest oxidation number for phosphorus in Group 15 is +5. (Exceptions are oxygen and fluorine) 


3. The smallest, or most negative, oxidation number of a non-metal can often be found by subtracting 8 from the 
group number. For example, the most negative oxidation state of phosphorus is 5 — 8 =—3. 


4. The highest value of oxidation number for the first two groups is the group number while for the rest of the 
groups, it is group number minus 10. 


5. The maximum value of oxidation number of an element increases across the period. 
6. Alkali metals have ns' configuration and have a tendency to lose this electron. So they show a uniform oxidation 
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Figure 2.1 Common oxidation numbers of the elements. 


7. Alkaline earth metals have ns* configuration and show common oxidation state of +2. 
8. Elements of Group 13 have outer shell configuration ns*np' and show oxidation state of +1 and +3. 
9, Elements of Group 14 have outer shell configuration ns*np* and show maximum oxidation state of +4 and mini- 
mum oxidation state of —4. Oxidation state of +2 is also shown by tin and lead and these are metallic in nature. 
10. Elements of Group 15 have outer shell configuration ns*np* and show maximum oxidation state of +5 and mini- 
mum oxidation state of —3. 
11. Elements of Group 16 have outer shell configuration ns*np* and show maximum oxidation state of +6 and mini- 
mum oxidation state of —2. 
12. Elements of Group 17 have outer shell configuration ns*np° and show maximum oxidation state of +7 and mini- 
mum oxidation state of —1. 
13. Transition metals can exhibit a large number of oxidation states due to the presence of (n — 1)d electrons along 
with ns electrons. 


Fractional Oxidation Number 


The oxidation numbers are usually whole numbers but in certain compounds the calculation of oxidation number yields a 
fractional number. The element for which fractional oxidation number is observed is present in different oxidation states. 
For example, let the oxidation number of Fe in Fe,O, be x. The oxygen atom has the oxidation state of —2. Therefore, 


3x+4x(-2)=0 
3x =4+8x > x = 48/3 


Fractional oxidation states actually represent the average oxidation states of several atoms in a structure. In most 
cases, atoms of the same element in a given compound have the same oxidation states, but each atom can have a dif- 
ferent state than the other. In Fe,O,, two Fe atoms have an oxidation number +3 and one has +2, which makes the total 
oxidation number of Fe = 8/3. The average here, therefore, refers to atoms that are not equivalent but are present in 
different oxidation states. https://telegram.me/unacademyplusdiscounts 
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Solved Example | 2-4 | 


-12+6+2x=05 x. =43. 


yplusdiscounts 


Find oxidation number of Cl in C,H,CL,, Pb in Pb,O, and 
Sin S,O7. 
Solution 


C,H,CL,; Let the oxidation state of Cl be x, then we have 
3(—4) + 6(+1) + 2x =0 


Pb,O,: Let the oxidation state of Pb be x, then we have 
3x-8=05 x=+8/3. 


,O;: Let the oxidation state of S be x, then we have 


S 
4x -12=-2 > x =+10/4 =+5/2. 


Solved Example | 2-2 | 


Find out the oxidation number of chlorine in the follow- 
ing compounds and arrange them in increasing order 
of oxidation number of chlorine: NaClO,, NaClO,, 
NaClO, NaClO,, Cl,O,, ClO,, ClO, NaCl, Cl,, ClO,. 

Which oxidation state is not present in any of the 
above compounds? 


Solution 


Let the oxidation number of chlorine be x. For NaClO,, 
we have 1+x+4(-2)=0 = x =7.Thus oxidation number 
of chlorine in NaClO, is +7 
For NaClO,, we have 1+.x+3(-2) =0=> x=5. Thus 
oxidation number of chlorine in NaClO, is +5. 
For NaClO, we have 1+x+(-2)=0>.x=1. Thus 
oxidation number of chlorine in NaClO is +1. 
For NaClO, we have 1+x+2(-2)=0=> x=3. Thus 


oxidation number of chlorine in NaClO, is +3. 

For Cl,O,, we have 2x+7(-2) =0 => x =7. Thus oxi- 
dation number of chlorine in Cl,O, is +7 

For ClO,, we have x +3(—2) =0 => x = 6. Thus oxida- 
tion number of chlorine in ClO, is +6. 

For CLO, we have 2x+(-2)=0 = x = 1. Thus oxida- 
tion number of chlorine in CLO is +1. 

For NaCl, we have 1+ x =0 > x =-1. Thus oxidation 
number of chlorine in NaCl is —1. 

For Cl,, we have 2x=0=>x=0. Thus, oxidation 
number of chlorine in CL is 0. 

For ClO,,we have x + 2(—2) =0 = x = 4. Thus, oxida- 
tion number of chlorine in ClO, is +4. 


None of the compounds have an oxidation number 
of +2. 


Solved Example | 2-3 | 


Determine the oxidation number of sulphur in the fol- 
lowing compounds: (a) Na,S,O,, (b) Na,S,O,, (c) H,SO,, 
(d) H,S,O,. 


Solution 


(a) Na,S,O, is represented as 
O O 
ie t 4 
NaO—S—S—S—S—ONa 
| 


. 
O O 


From the structure, it is clear that the sulphur atoms 

acting as donor atoms have +5 oxidation number 

(each). However, the sulphur atom involved in pure 

covalent bond formation has zero oxidation number. 
(b) Na,S,O, is represented as 


Suppose average oxidation number of S = x, then we 
have +2+2x-6=0>5x=42. 


However, here two sulphur atoms have different oxi- 

dation states 

(i) Sulphur, bonded with Na lies in -1 state since one 
electron of Na lies towards the sulphur. Electrons 
of S-S bond are equally shared between two sul- 
phur atoms. 

(ii) Oxidation number of donor sulphur atom is +5. 
It gives up four electrons in coordination and 
one electron in covalent bond formation with 
oxygen. 

Thus, +5 and —1 are two oxidation states of the two 

sulphur atoms. 


(c 


—_— 


Peroxomonosulphuric acid (H,SO,) is represented as 
O 


t 
H—O—S—O—O—H 

y 

fe) 


Suppose oxidation number of S = x 
Oxidation number of H = +1, oxygen in peroxo link- 
age =—1, the other oxygen atoms = —2 each. 
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Therefore, +2 —-6+x-2=0=> x= 6. Thus oxidation 
number of S = +6. 
(d) Perdisulphuric acid (H,S,O,) is represented as 


O O 


H—O O—O O—H 


t t 
S S 
\ \ 
O O 


Suppose oxidation number of S = x 

Oxidation number of H=+1, oxygen in peroxo linkage= 
—1, the other six oxygen atoms =—2 each 

Therefore, +2 + (-12) + 2x -2=0 > x=6. Thus, oxida- 
tion number of S = +6. 


Solved Example | 2-4 | 


Determine the oxidation number of nitrogen in (a) NH, — 
NH,, (b) NOCL, (ce) HCN and (d) HNC. 


Solution 


(a) Suppose oxidation number of N = x, then 2x + 4=0 
=>x=-2. 

(b) NOCI is represented as Cl—- N=O:. Suppose oxida- 
tion number of N = x. The oxidation number of chlo- 
rine = —1, oxygen = —2. Thus, -1 + x -2=0 > x =+3. 


(c) In HCN, nitrogen is more electronegative than car- 
bon, so each covalent bond gives an oxidation num- 
ber of -1 to nitrogen. There are three covalent bonds, 
therefore, in HCN, the oxidation of N =-3. 


In HNC, N is more electronegative than C, so con- 
tribution of coordinate bond is neglected, thus oxi- 
dation number of N remains —3 since it has three 
covalent bonds. 


(d) 


Solved Example 25a 


Determine the oxidation number of carbon in (a) C,O,, 
(b) HCN and (c) HNC. 


Solution 


(a) Since, oxygen is more electronegative than carbon, 
carbon has positive oxidation state in C,O, 


Average oxidation state = +4/3 


(b) Suppose oxidation state of C = x. In HCN, nitrogen is 
more electronegative than carbon, so each covalent 
bond gives an oxidation number of -1 to nitrogen. 
There are three covalent bonds, therefore, in HCN, the 
oxidation of N =-3. Therefore, +1 +x-3=0>5 x=+2. 

(b) Suppose oxidation state of C = x. In HNC, N is more 

electronegative than C, so contribution of coor- 

dinate bond is neglected, thus oxidation number 
of N remains -3 since it has three covalent bonds. 

Therefore, +1 +x -3 =0 > x =42. 


Solved Example | 2-6 


In the following unbalanced equations, indicate the reac- 
tant oxidized, the reactant reduced, the oxidizing agent 
and the reducing agent. Indicate the products that contain 
the elements that were oxidized or reduced. 


(a) Al+HCl—= AICI, +H, 

(b) CH, +0, >CO,+H,O 

(c) MnO, +HCl—> MnCl, +Cl, +H,O 

(d) K,Cr,O, + SnCl, +HCl > CrCl, + SnCl, +KCI+H,O 


Solution 


(a) Oxidation states of elements: 


0 +1 -1 +3 -1 0 
Al+HCl > AICI,+H, 


Reactant Change Agent Product 
Al Oxidized Reducing AICl, 
HCl Reduced Oxidizing H, 
(b) Oxidation states of elements: 

—4 +1 0 +4 -2 +1 -2 

CH,+0O, — CO, ~H,O 
Reactant Change Agent Product 
Cel, Oxidized Reducing (CO), 
OQ) Reduced Oxidizing CO), sO 


(c) Oxidation states of elements: 
44-20 41-1 42 -1 0 +1 -2 


MnO, + HCl > MnCl,+Cl,+H,O 
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Reactant Change Agent Product Reactant Change Agent Product 
HCl Oxidized reducing Cl, SnCl, Oxidized reducing SnCl, 
MnO, Reduced oxidizing MnCl, IS (Cie {O Reduced oxidizing CrCl, 
(d) Oxidation states of elements: 
+1 +6 -2 42-1 41-1 43-1 +1 -1 +4 -1 41-2 


K,Cr,O,+SnCl,+ HCl > CrCl, + KCl+SnCl,+ H,O 


Solved Example | 2-7 | 


Is the following a redox reaction? If so, identify the sub- 
stance oxidized and the substance reduced as well as the 
oxidizing and reducing agents. 


2KCl+ MnO, +2H,SO, > K,SO, +MnSO, +Cl, +2H,O 


Solution 


To determine whether redox reaction is occurring here, 
we first must assign oxidation numbers to each atom on 
both sides of the equation. Following the rules, we get 


+1 -1 +4 -2 +1 +6 -2 +146 -2 +42 +6 -2 +1 -2 


2KCl+ MnO, +2H,SO, > K,SO,+ MnSO, +ClL, +2H,O 


Next we look for changes, keeping in mind that an 
increase in oxidation number is oxidation and a 
decrease is reduction. 


A change from —1 to 0 is going up the number scale, 
so it’s an increase in oxidation number 


Oxidation 


A change from +4 to +2 is a decrease 
in oxidation number 


+1-1 44-2 +1+6-2 41+6-2 +42+6-2 0 +t—2 
2KCl + MnO, + 2H,SO, ——  K,SO, + MnSO, + Cl, + 2H,O 


Thus, the Cl in KCl is oxidized and the Mn in MnO, is re- 
duced. The reducing agent is KCI and the oxidizing agent 
is MnO,. (Notice that when we identify the oxidizing and 
reducing agents, we give the entire formulas for the sub- 
stances that contain the atoms with oxidation numbers 
that change.) 


Solved Example | 2-8 | 


Determine the oxidation state of chlorine in CaOCl, and 
chromium in CrO.. 


Solution 


Based oxidation state of Ca atom as +2 and that of O atom 
as —2, we can calculate the oxidation state (x) of Cl atom 
as 2x +2 -2 =0 = x = 0. Based on stoichiometry of the 
compound, where composition of CaOCl, is Ca**(OCT) 
CI, we see that oxidation state of Cl in Ca*(OCT) is +1 
and that in CI is -1. 

The structure of CrO, is 


It can be seen that four of the oxygen atoms are linked 
through peroxide linkage, while one oxygen atom is dou- 
ble bonded to Cr. So, the oxidation state of Cr can be 
found as 


x+4(-1) -2=0>x=+6 


Solved Example | 2-9 | 


When hydrogen peroxide is used as an antiseptic, it kills 
bacteria by oxidizing them. When the H,O, serves as an 
oxidizing agent, which product might be formed from it, 
O, or H,O? Why? 


Solution 


If H,O, acts as an oxidizing agent, it gets reduced itself in 
the process. Examining the oxidation numbers, we have 


+1 -1 +1 —2 0 

H,0, ~H,0O+0, 
If H,O, is reduced it must form water, since the 
oxidation number of oxygen drops from —1 to —2 in the 
formation of water (a reduction). The product is, there- 
fore, water. 
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Oxidation Number and Valency 
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The electrons in the outermost shell/orbit of an atom are called valence electrons. These electrons can be accepted 
or shared by an atom of any element. In some cases, the valency and oxidation number are the same like in case of 
electrovalent compounds. The differences between the two are as follows: 


1. Oxidation number is the charge present on that atom if all electrons in its bonds were assigned to the more elec- 
tronegative atom, whereas valency is the number of electrons which can be accepted or lost while combining with 


other elements. 


2. Oxidation number has a positive or negative sign, and can be whole number or fractional, whereas valency does 
not have any positive or negative sign, and can never be fractional. 


3. Oxidation number can be zero for any element, whereas valency can be zero only for noble gases. 


Limitations of Concept of Oxidation Number 


The definitions of oxidation and reduction are under constant change depending on the new discoveries and insights 
into the redox processes. Apart from transfer of electrons, the reactions are now viewed in terms of electron densities 
wherein, oxidation involves decrease in electron density while reduction involves an increase in it. 


Solved Example | 2-10 | 


Indicate valency and oxidation number of carbon in the 
following compounds: CH,, CH,Cl, CH,Cl,, CHCL, CCl,. 


Solution 


For methane CH,, valency of carbon is 4 and oxidation 
state is —4. 


For methyl chloride CH,Cl, valency of carbon is 4 and 
oxidation state is —2. 

For CH,CL, valency of carbon is 4 and oxidation state is 0. 
For CHCI,, valency of carbon is 4 and oxidation state 
is +2. 

For CCl, valency of carbon is 4 and oxidation state is +4. 


Solved Example | 2-11 | 


A polyvalent metal weighting 0.1 g and having atomic 
weight of 50 reacted with dilute H,SO, to give 44.8 mL 
of hydrogen at STP. The solution containing the metal in 
this lower oxidation state, was found to require 60 mL of 
0.1 N KMn0O, solution for complete oxidation. What are 
valencies of metal? 

Solution 


The reaction involved is Metal(M)+H,SO, > H, 
44.8 mL H, at STP= = mol of H, 

22400 
Now, milliequiv. of M = milliequiv. of H,O 


For hydrogen, the reaction is 


2H* +2e° > H, 


Types of Redox Reactions 


Milliequiv. of H, = 2 x moles of H, 
0.1 ( 44.8 


—= oe x2 x=2 
50/x \.2200 


or 


Thus, in the reaction M— xe” > Mx", x = 2 or oxidation 
state is + 2. 


Now M” will acquire higher oxidation state when oxi- 
dized by KMnO, 


M** —ne > M2*” 


Now, milliequiv. of M* = milliequiv. of KMnO, 
0.1 


— x 1000 =0.1x60 > n=2 
50/n 


So oxidation state of M is M**” = M®. Hence, the possible 
valencies of the metal are +2 and +5. 


1. Combination reactions: These reactions involve combining of two or more reactants to form a single product. It 


can be represented by a reaction of the type, 


A+B— AB 
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For a redox reaction, either A or B or both must be in the elemental form. The combustion reactions of fuels are 
generally combination reactions of carbon and hydrocarbons with elemental dioxygen. 
0 0 A +42 
C(s)+O,(g) —>CO,(g) 
CH, (g) + 20,(g) > CO, (g) +2H,O(1) 
2C,H,,(s) +250, (g) > 16CO,(g)+ 18H,O(1) 
Combustion of magnesium metal with dioxygen or lithium with nitrogen are also examples of combination redox 
reactions. ‘ Pa 
2Mg(s) + O, (g) > Mg O(s) 
0 0 +1 -3 
3Li(s) +N, (g) > Lis N(s) 
. Decomposition reactions: These reactions are reverse of combination reactions and involve breakdown of a reac- 
tants into two or more products. 
AB>A+B 
For these reactions to be redox, at least one of the components formed should be in the elemental state. For 
example, the decomposition of potassium chlorate or hydrogen peroxide is a redox reaction, whereas the decom- 


position of calcium carbonate or other metal carbonates is not a redox reaction because none of the components 
formed are in the elemental state. 


+1 45 -2 +1 -1 0 
2K C1Os (s)—*>2KCl(s) + 302 (g) 
+1 2 0 0 
2H» Op (I) 2H (g) + Oo (g) 
42 44-2 A #2 -2 44-2 
Ca CO3(s)——> Ca O(s) + CO: (g) 


. Displacement reactions: These reactions are redox reactions in which one element of the compound is replaced 
by atom or ion of another element. It can be represented as 


AB+C—> AC+B 


The necessary condition for the reaction is that C is more reactive than B. Since B and C are in their elemental 
state, the reaction is a redox reaction, where the main step involves the movement of electrons from one reactant 
to another. Displacement reactions can be further classified on the basis of nature of displacing element, into 
metal and non-metal displacements. 


(a) Metal displacement: If one metal is more easily oxidized than another, it can displace the other metal from its 
compounds by a redox reaction. Such a reaction can be represented as 


AX+M—>MX+A 


These reactions are also called single displacement reactions. The atoms of more active metals are oxidized 
and become ions whereas the ions of less active metals are reduced and become atoms. Some examples are 


Cu(s)+2AgNO, (aq) > 2Ag(s) + Cu(NO, ), (aq) 
Zn(s) + HgO(s) > ZnO(s) + Hg(1) 
Cr,O;(s)+ Al(s) > Al,O,(s) + Cr(s) 
2Cr(s) + 3Cu(NO, ), (aq) > 3Cu(s) + 2Cr(NO, ),(aq) 


(b) Non-metal displacement: The non-metal displacement reactions involve displacement of hydrogen and in 
some cases oxygen. The hydrogen displacement reactions are listed as follow. 


e Metals replacing hydrogen from cold water: All alkali and some alkaline earth metals, such as Ca, Sr and 
Ba, displace hydrogen from cold water and are strong reducing agents. 


2K(s)+2H,O(1) — 2KOH(aq)+ H,(g) 
Ba(s)+2H,O(1) — Ba(OH), (aq) + H, (g) 


The hydrogen displaced from water has electropositive character. In the above reactions, the more electro- 
positive K* and Ba’ displace the less positive hydrogen. 


https://telegram.me/unacademyplusdiscounts 


Telegram @unacademyplusdiscounts 


Chapter 2 | Mole Concept-ll 


e Metals replacing hydrogen from steam: Less reactive metals such as iron displaces hydrogen from steam to 
give hydrogen gas. 


2Fe(s)+ 3H,O (steam) > 2Fe,O,(s)+ 3H, (g) 
Similarly, reaction between red-hot iron and superheated steam gives hydrogen gas: 


3Fe(s)+4H,O(steam) > Fe,O0,(s)+4H,(g) 


Metals replacing hydrogen from acid: Metals that do not react with cold water can displace hydrogen from 
acids. The reaction is also shown by metals that do not react even with steam. For example, when a piece 
of zinc is placed into a solution of hydrochloric acid, bubbling is observed and the zinc gradually dissolves. 
The chemical reaction is 

Zn(s) + 2HCl(aq) > ZnCl, (aq) + H,(g) 
Similarly, 

Mg(s) + 2HCl(aq) — MgCl, (aq)+ H,(g) 


Sn(s) + 2HCl(aq) > SnCl, (aq) + H,(g) 


The rate of reaction is fast with zinc or magnesium and the reaction is used as a method for preparation of 
hydrogen in the laboratory. The rate of evolution of hydrogen gas is a measure of the reactivity of the metals. 
Magnesium is the most reactive metal and iron the least reactive in displacement of hydrogen from an acid. 
Metals which occur in their native state, such as gold and silver do not react with acids to liberate hydrogen. 


Like metals, halogens can also be arranged in activity series based on their reactivity as oxidizing agents. Their 
strength as oxidizing agents decreases as we move down the group from fluorine to iodine. Fluorine is the most 
reactive and can displace oxygen from water. 


0 +12 +1 -1 0 
2F2 (g) + 2H: O(l) > 4HF(aq) + On (g) 


The displacement reactions of chlorine, bromine and iodine using fluorine are not carried out in aqueous medium 
because of fluorine’s ability to displace oxygen from water. However, chlorine can displace bromine and iodine in 
aqueous solutions and bromine can displace iodine. 


Cl, (g) + Z2NaBr(aq) > 2NaCl(aq) + Br, (1) 
Cl, (g)+ 2Nal(aq) — 2NaCl(aq) +I, (s) 
Br, (1) +2NalI(aq) > 2NaBr(aq)+ 1, (s) 


Note: Both bromine and iodine dissolve in CCl, and impart reddish brown and violet color to the solution, respec- 
tively. These displacement reactions form the basis of the layer test used in the laboratory for identification of 
bromide and iodide ions. 


4. Disproportionation reactions: These reactions are redox reactions in which an element in a compound is simulta- 
neously oxidized as well as reduced. In the reactant, the element is in one oxidation state while in the products it 
appears in more than one oxidation state, one reflecting oxidation and the other reduction. 


Note: The essential condition for this type of redox reaction is that an element in the reactant should be able 
to exist in at least three oxidation states and in the reactant it should be in the intermediate oxidation state. 


Consider the example of reaction of chlorine gas with sodium hydroxide to form sodium chloride, sodium 
hypochlorite and water. In the reactant, the elemental chlorine has oxidation state zero and in the products oxida- 
tion state of chlorine in sodium chloride is —1 (reduction) and in sodium chlorate it is +1 (oxidation). 


0 +1 2 +1 +10 1 +1 +1 -2 Sell, 2 
Cl, (g) +2 NaO H(aq) > Na Cl(aq) + Na Cl O(aq) + H2 O(1) 


The halogens bromine and iodine also exhibit the same reaction on treatment with alkali. However, the reaction 
of fluorine with alkali shows a deviation and the reaction proceeds as follows: 


2F, (g) + 2NaOH(aq) > 2NaF + OF, (g)+ H,O()) 
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This behavior of fluorine is attributed to the fact that it is the most electronegative element and can exhibit only the —1 
oxidation state in all its compounds. Hence, the tendency to undergo disproportionation redox reactions is not pos- 
sible in the case of fluorine. Phosphorus and sulphur also undergo disproportionation reactions in alkaline medium. 


0 3 +1 
P.(s) + 3NaOH(aq) + 3H,O(1) > PH,(g) + 3NaH, PO, 


0 2- 2+ 
Ss(s) + 12NaOH(aq) — 4Na, S (aq)+2Na, S2O;(aq) + 6H,O() 


The reaction of Pb,O, proceeds differently with acids HCl and HNO,. 


Pb,O, + 8HCI—> 3PbCl, + Cl, +4H,O 
Pb,O, + 4HNO, > 2Pb(NO,), + PbO, + 2H,O 


This can be explained on the basis of the fact that the oxide is a mixture of two oxides 


Pb,O, © PbO (2 mol)+ PbO, (1 mol) = 2PbO- PbO, 


The difference arises due to difference in reaction of these two oxides constituting Pb,O, with the two acids. Reac- 


tion with HCI proceeds as follows 


2Pb0+4HCI > 2PbCl, +2H,O 


(Acid — base reaction) 


PbO, +4HCl > PbCl, + Cl, +H,O (Redox reaction) 


In case of reaction with HNO,, no redox reaction takes place between PbO, and HNO, as nitric acid itself is an 
oxidizing agent. Only the acid-base reaction takes place and PbO, is reflected in the products. 


2PbO + 4HNO, — 2Pb(NO,), +2H,O (Acid — base reaction) 


Solved Example | 2-12 | 


Classify the following reactions by type and assign the 
oxidation number to the elements. 


(a) 2FeCl, +Cl, > 2FeCl, (b) 
(b) 2NO, +H,O > HNO, + HNO, 

(c) Mg+2AgNO, > Mg(NO,), +2Ag 

(c) 


Solution 


(a) This is a combination reaction, where two reactants 
combine to form a single product. The oxidation 


number of Fe changes from +2 to +3 and that of Cl 
changes from 0 to —1. 


This is a disproportionation reaction. The oxidation 
number of the elements on both sides of the equation 
is the same. N is +4 in NO, (2 mol) and in the product 
side it is +3 in HNO, and +5 in HNO,. 


This is a metal displacement reaction in which Mg 
replaces Ag. The oxidation number of Mg changes 
from 0 to +2 and Ag is reduced from +1 to 0. 


Solved Example | 2-13 | 


Classify the following redox reactions by type and assign Solution 


oxidation number to the elements: 

(a) NH,NO, ~N,+H,O 

(b) Ba(NO,), +Na,SO, — 2NaNO, + BaSO, 
(c) P,+10Cl, > 4PCl, 

(d) 3HNO, —~ HNO,+H,0+2NO 


(a) 


341 43-2 + 2 
me i ie > Not 10 eCom positon 
+2 46-2 


Ba ( NO; ) at Nap SO. >2 NaNO3+ BaSO, 
Metal displacement 


0 0 +5 -1 
P4+10Cl, > 4P on Combination 


+1 43 -2 +1 45 - +1. 2 +2 2 
3HNO. > HNO; +H20+2NO 
Disproportionation 
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Solved Example | 2-14 | 


Identify the type of redox reaction taking place in the (b) 
following and indicate the oxidation states of each atom. 


+5 -2 0 A 0 #2 2 
V,0,(s)+5Ca(s) ——> 2V(s)+5Ca O(s) 


Displacement reaction 


A 
(a) 3Mg(s) +N, (MeN: (s) +1 45 2 A at -l 0 
(b) V,O,(s) + 5Ca(s) —->2V(s) + 5CaO(s) (©) 2kCIO;(s)——>2KCI(s) + 30,,(g) 
(c) 2KCIO,(s) A 5 2KC\(s) + 30, (g) Decomposition reaction 
0 +1 -2 +2 —2+1 0 
(d) Ca(s) + 2H,O(1) > Ca(OH), (aq) + H,(g) (d) Ca(s)+2H,O(1) > Ca(OH), (aq) + H>(g) 
(e) Br,(1)+2F (aq) > 2Br (aq) +1, (s) Metal displacement reaction 
Cl +20H™ CclO™ +Cl +H,O(1 al -1 

() Che) “o> (aq) (aq) + H,00) (e) Br, (1) +21 (aq) > 2Br (aq) +1,(s) 
Solution Non-metal displacement reaction 

0 0 +2 3 0 +1 -1 
(a) 3Mg(s)+N,(g) —“ 5Mg, N,(s) (f) ClL,(g)+2OH (aq) > ClO (aq)+ Cl (aq) +H,O(1) 


Combination action Disproportionation reaction 


2.2 | OXIDATION AND REDUCTION 


Oxidation is defined as addition of oxygen or electronegative element to a substance or removal of hydrogen/electropositive 
element from a substance. 


Some examples of oxidation that are in accordance with the above definition of oxidation are as follows: 


. Addition of oxygen: Most metals react directly with oxygen, for example burning of magnesium ribbon in air, and the 


reaction of addition of oxygen is called oxidation. The reaction generally causes the surface of metal to tarnish because 
the oxidation products dull the shiny metal surface. For example, iron is oxidized fairly easily, especially in the pres- 
ence of moisture and forms rust which is a form of iron(III) oxide. A freshly exposed aluminium surface is also easily 
oxidized on reaction with oxygen and becomes coated with a very thin film of aluminium oxide, Al,O,. 


Most non-metals combine as readily with oxygen as do the metals, and their reactions usually occur rapidly 
enough to be described as combustion. Sulphur burns readily in oxygen to form sulphur dioxide and this is the 
first step in the manufacture of sulphuric acid. 


S(s) + O,(g) > SO, (g) 


. Removal of hydrogen: Natural gas is composed principally of methane, CH,. When hydrocarbons burn in a plenti- 


ful supply of oxygen, the products of combustion are always carbon dioxide and water. Thus, methane reacts with 
oxygen according to the equation. 


CH, +20, — CO, +2H,O 
H,S+Cl, — 2HC1+S 
In the reactions, the hydrogen of methane thus gets replaced by oxygen, and hydrogen sulphide is oxidized to 


elemental sulphur by removal of hydrogen. Thus, definition of oxidation can be broadened to include removal of 
hydrogen. 


. Addition of electronegative element: The scope of oxidation reaction was extended further to include reactions 


not only with oxygen but with other electronegative elements. For example, sodium reacts with chlorine to form 
NaCl as follows: 


2Na + Cl, > 2NaCl 


This reaction did not involve addition of oxygen or removal of hydrogen but is an oxidation reaction. The scope 
of oxidation thus also extends to removal of electropositive elements. 
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Similarly, in the following reaction, SnCl, is oxidized to SnCl, as two electronegative chlorine atoms are added. 
2FeCl, + SnCl, > 2FeCl, +SnCl, 


4. Removal of electropositive element: In the following reaction, potassium, an electropositive element, is removed 
from potassium ferrocyanide and it changes to potassium ferricyanide. 


2K,[Fe(CN),]+Cl, > 2K,[Fe(CN),]+2KCl 


Similarly, KI is oxidized when electropositive potassium atom is removed and iodine is liberated. 
2KI+Cl, > 2KCI+1, 


The term reduction comes from the Latin meaning “to lead back.” Anything that leads back to magnesium metal 
therefore involves reduction. The reaction between magnesium oxide and carbon at 2000°C to form magnesium 
metal and carbon monoxide is an example of the reduction of magnesium oxide to magnesium metal. 
Mg O(s)+ C(s) > Mg(s)+ CO(g) 
L i] 


Reduction 


Reduction is defined as removal of oxygen/electronegative element from a substance or addition of hydrogen/electro- 
positive element to a substance. 
Some examples of reduction that are in accordance with the above definition of reduction are as follows: 


1. Removal of oxygen: 
CuO + H, ~ Cu+H,O 
2HgO(s) > 2Hg (1) + O,,(g) 
2. Removal of electronegative element: 


2FeCl,(aq)+ H,(g) > 2FeCl, (aq) + 2HCl(aq) 


The above reaction takes place only with nascent hydrogen (that is, hydrogen in the atomic state and not molecu- 
lar hydrogen). Therefore, the reaction should be written as 


2FeCl,(aq)+ 2[H](g) > 2FeCl, (aq) + 2HCl(aq) 
2FeCl, + SnCl, > 2FeCl, + SnCl, 
3. Addition of hydrogen: 
C,H, (g)+ H,(g) = C,H4(g) 
4. Addition of electropositive element: 
Na+ 5Cl, > NaCl 
2HgCl, (aq) + SnCl, (aq) > Hg,Cl,(s)+SnCl,(aq) 


Oxidation and reduction always occur together, that is, no substance is ever oxidized unless something else is 
reduced. Therefore, these reactions are collectively called oxidation—-reduction or redox reactions. 


For example, consider the following reactions. 
2FeCl, + SnCl, > 2FeCl, + SnCl, 
2HgCl,(aq)+SnCl, (aq) > Hg,Cl, (s)+SnCl, (aq) 


In the first reaction, FeCl, undergoes reduction due to removal of electronegative atom chlorine and SnCl, is 
simultaneously oxidized due to addition of electronegative atom chlorine. In the second reaction, HgCl, is reduced 
due to addition of electropositive atom Hg, and SnCl, is oxidized due to addition of electronegative atom chlorine. 
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1. Which of the following reactions are oxidation— Solution 


reduction reactions? Which species is undergoin ‘ ea teanas 
Sede ae PY . going (a) Inthe reaction 2H, +O, — 2H,O,H, is oxidized due 
oxidation, and which is undergoing reduction? ee ‘ ‘ * 
to addition of oxygen and O, is reduced. 


(a) 2H,+O, > 2H,O ; 
(c) In the reaction 2Na+2H,O—2NaOH+H,, Na 


(b) CaCO; > CaO+CO, is oxidized due to addition of oxygen, and H,O is 

(c) 2Na+2H,O > 2NaOH +H, reduced due to removal of oxygen. 

(d) 2HNO, +Ca(OH), > Ca(NO,), +2H,O (f) In the reaction Zn+ CuCl, — ZnCl, + Cu, Zn is oxi- 
. dized due to addition of electronegative group (CI), 

(e) AgNO, +KCl— AgCl+ KNO, and CuCl, is reduced due to removal of electronega- 

(f) Zn+CuCl, > ZnCl, +Cu tive group. 


The rest of the reactions (b) is a decomposition reaction, 
while (d) and (e) are exchange reactions. 


Oxidation and Reduction as Electron Transfer Reactions 


It was later realized that redox reactions were actually special cases in which electrons are transferred from one sub- 
stance to another. Thus, electron transfer reactions became known as oxidation—reduction reactions, or simply redox 
reactions. 


1. Oxidation is a process in which one or more electrons are lost by one reactant and the valency of the element 
increases. 


2. Reduction is a process in which one or more electrons are gained by another reactant and the valency of the ele- 
ment decreases. 


Any oxidation-reduction reaction can be split into two or more parts known as half reactions to separately highlight 
the oxidation step and the reduction step. 

For example, sodium reacts with chlorine to form sodium chloride as already discussed. This reaction 
involves a loss of electrons by sodium (oxidation of sodium) and a gain of electrons by chlorine (reduction of 
chlorine). 


Na—>Na*+e (oxidation) 
Cl,+2e —2Cl (reduction) 


where electrons are represented by the symbol e.. The electron appears as a “product” if the process is oxidation and 
as a “reactant” if the process is reduction. 
The overall reaction then becomes: 


2Na(s)+ Cl, (g) > 2Na*Cl (s) 


The total number of electrons lost by one substance is always the same as the total number gained by the other. If 
this were not true, electrons would appear as a product of the overall reaction, and this is never observed. When two 
sodium atoms are oxidized, two electrons are lost, which is exactly the number of electrons gained when one Cl, mol- 
ecule is reduced. 

Some other examples of redox reactions are given in Table 2.1. 
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Table 2.1 Examples of redox reactions 


Reaction Half-reactions Explanation 

Mg(s) + Cl, (g) > MgCl, (aq) Me(s) > Mg**(aq) + 2e7 Magnesium is oxidized due to addition of 
Cl,(g)+2e" > 2CI (aq) oxygen or electronegative element chlorine. 

2Mg(s) + O,(g) > 2MgO(s) : On the other hand, chlorine and oxygen are 
Mg(s) > Mg?*(s) + 2e7 reduced due to addition of electropositive 


element magnesium. These compounds 

are ionic in nature and can be written as 
Me™(CTI), and Mg“O*. So, effectively 
magnesium loses two electrons to form Mg™* 
while chlorine gains two electrons to form 
(CI), and oxygen to form O~. 


2FeCl,(aq) + SnCl,(s) > 2FeCl,(s) + SnCl, (aq) 2Fe**(aq)+2e —2Fe**(aq) The CI ions do not take part in the reaction 
Sn?*(aq) > Sn**(aq) + 2e and remain unchanged. They are often 
called “spectator ions” Therefore, we may 
cancel 8CI on both sides and rewrite the 
equation as 


2Fe** +Sn**> 2Fe**+Sn* 


Cu(s) + 2AgNH,(aq) > Cu(NH;),(aq)+2Ag(s)  Cu(s) > Cu**(aq) + 2e7 Copper wire is placed in an aqueous 
- a solution of the Ag’ ion. Silver ions are 

8 a 2) reduced to silver metal to produce whiskers 
of silver metal that grow out from the 
copper wire and copper is oxidized to 
copper ions that impart bluish green color 
to the solution. The reaction involves the 
net transfer of electrons from copper metal 
to Ag” ions. 


O,(g)+2e > O7 (s) 


Cu(s) + 2Ag*(aq) > Cu** (aq) + 2Ag(s) 
The presence of copper ions can be 
confirmed by adding ammonia to this 
solution to form the deep blue Cu(NH,);* 
complex ion. 


Since electrons are neither created nor destroyed in a chemical reaction, oxidation 2Mg +O, ———-> 2 [Mg*] [O*] 
and reduction are linked. In the formation of MgO, the four electrons gained by each Oxi aaton 
oxygen molecule require that four electrons be lost by magnesium, causing two Mg Bomuehon 
atoms to form two Mg” ions. The number of electrons gained during reduction half- 


reaction must be equal to the number of electrons lost during oxidation half-reaction. It Figure 2.2 Oxidation 
is impossible to have oxidation without reduction, as shown in Fig. 2.2. cannot occur in the 


absence of reduction. 
Oxidizing and Reducing Agents 


1. Oxidizing agent is a substance that accepts electrons, and causes the other substance to lose electrons and get 
oxidized. (It undergoes decrease in valence.) 


2. Reducing agent is a substance that donates electrons, and causes the other substance to gain electrons and get 
reduced. (It undergoes an increase in valence.) 


In a redox reaction, the oxidizing agent gets reduced and the reducing agent gets oxidized. For example in the for- 
mation of sodium chloride, sodium serves as the reducing agent when it supplies electrons to chlorine and itself gets 
oxidized. Chlorine acts as the oxidizing agent when it accepts electrons from the sodium, gets reduced to chloride ion. 
Hence, for a redox reaction to occur, one substance must accept electrons from the other. 

Similarly, when a piece of zinc metal is immersed in an aqueous solution of Ag” ions, the zinc metal donates 
electrons to the Ag* ions, and therefore reduces the Ag” ions. Zinc, therefore, acts as a reducing agent in the reaction. 
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The same electrons that are lost by the zinc are gained by the silver. On the other hand, the Ag” ions gain electrons 
from the zinc metal and thereby oxidize zinc. Ag” ion is, therefore, an oxidizing agent. 


Zn(s) +2Ag* (aq) = Zn** (aq) +2Ag(s) 


Reducing 


agent agent 


Oxidizing 


Solved Example | 2-16 | 


The bright light produced by the reaction between mag- 
nesium and oxygen is often used in fireworks displays. The 
product of the reaction is magnesium oxide, an ionic com- 
pound. Which element is oxidized and which is reduced? 
What are the oxidizing and reducing agents? 


Solution 


When a magnesium atom becomes a magnesium ion, it 
must lose two electrons. Since the electrons are lost in this 
process, they appear on the right when we express it as an 
equation. 


Mg > Mg** +2e 


By losing electrons, magnesium is oxidized. This also 
means that Mg must be the reducing agent. When oxygen 
reacts to yield O~ ions, each oxygen atom must gain two 
electrons, so an O, molecule must gain four electrons. 
Since electrons are being gained, they appear on the left 
in the equation. 


O,+4e — 207 
By gaining electrons, O, is reduced and must be the oxidiz- 


ing agent. 
The complete reaction is 


2Mg(s) + O,(g) — 2MgO(s) 


Solved Example | 2-17 | 


When sodium reacts with molecular oxygen, the product 
is sodium peroxide, which contains the peroxide ion. Is O, 
oxidized or reduced in this reaction? 


Solution 


The reaction involved is 2Na(s) + O,(g) > Na,O,(s) 


O, is added to electropositive element (Na), so it under- 
goes reduction. 


Solved Example | 2-18 | 


Mixing household chemicals can be extremely dangerous 
to one’s health. For example, mixing bleach with toilet 
cleaner is especially dangerous since this reaction pro- 
duces water and the highly toxic chlorine gas. Write the 
half reaction for the conversion from the hypochlorite ion 
to chlorine gas. Is this half reaction representing the oxi- 
dation or reduction of Cl? 


Solution 


Bleach contains ClO ions and toilet cleaner contains acid 
HCL. The half-reaction is as follows: 


Displacement Reactions and Activity Series 


2 unit 


+H 0 +1 -2 
2ClO-(aq) + 4H*(aq) + 2e- > Cl,(g) + 2H, O(l) 
Oxidant Reductant 


2 unit 
This half reaction represents reduction of Cl. 


In displacement reactions, one metal displaces another metal from its compounds, and this is illustrated by the reaction of 
zinc with copper ion. Suppose a brightly polished strip of metallic zinc is dipped into a solution of copper sulphate. After 
the zinc strip lies in the solution for a while, a reddish brown deposit of metallic copper forms on the zinc strip. On ana- 


lyzing the solution, it is found that the solution now contains zinc ions as well as some remaining unreacted copper ions. 
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The net ionic equation involved is as follows: 
Zn(s)+Cu** (aq) > Cu(s)+ Zn** (aq) 


Sulphate ion is a spectator ion in this reaction. 


Note: Spectator ions are ions that stay unaffected during a chemical reaction. They appear both as reactant and as 
product in an ionic equation. For example, in the following ionic equation, the sodium and nitrate ions are specta- 
tor ions. 


Ag’ (aq) + NO; (aq) + Na’ (aq) + Cl (aq) — AgCl(s) + Na® (aq) + NO; (aq) 


Metallic zinc is oxidized as copper ion is reduced. In the process, Zn” ions have taken the place of the Cu” ions, so a solu- 
tion of copper sulphate is changed to a solution of zinc sulphate (Fig. 2.3). 


Metallic 
zinc 
Metallic 
Copper copper 
sulphate 


Figure 2.3 Reaction of zinc with copper ions. 


Note: When hydrogen sulphide gas is passed this solution of zinc and the solution is made alkaline by adding 
ammonia, a white precipitate of zinc sulphide is observed. 


An atomic-level view of what is happening at the surface of the zinc during the reaction is depicted in Fig. 2.4. 
From Fig. 2.4(a), it can be seen that copper ions (blue) collide with the zinc surface where they pick up electrons from 
zinc atoms (gray). The zinc atoms become zinc ions (yellow) and enter the solution. The copper ions become copper 
atoms (red-brown) and stick to the surface of the zinc. From Fig. 2.4(b), it can be seen that a close-up view of the 
exchange of electrons that leads to the reaction. 


e 
G2 — @2z 
Part of the zinc metal sheet a 
(a) (b) 


Figure 2.4 Reaction of copper ions with zinc, viewed at the atomic level. 


In the reaction of zinc with copper ion as described above, zinc is more active and it displaces copper which is less 
active in a compound. The word active means easily oxidized. This is actually a general phenomenon: an element that 
is more easily oxidized will displace the one that is less easily oxidized from its compounds. The metals are placed in 
order of their ease of oxidation. Thus emerges the activity series shown in Table 2.2. In this table, metals at the bottom 
are more easily oxidized (are more active) than those at the top. 
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Table 2.2 Activity series for some metals (and hydrogen) 


Important observations from activity series: 


Element Main oxidation product 
Least Active Gold Au* 
Mercury He* 
Silver Ag 
Copper Cu* 
Hydrogen irl 
Lead Ba 
Tin = 2 Sn* 
Cobalt Q & Goa 
Cadmium z 2 (CaP 
Iron g = Fe* 
Chromium e 5 Cr* 
Zinc a S Zn* 
Manganese a S Mn” 
Aluminium Ss & Ale 
Magnesium S 5 Me* 
Sodium z : Nat 
Calcium 8 8 Cag 
Strontium ; Sr* 
Barium Ba™* 
Potassium K* 
Rubidium Rb* 
Most Active Caesium Cs" 


1. An element will be displaced from its compounds by any metal below it in the table. 


2. Metals below hydrogen in the series can displace hydrogen from solutions containing H*.The metals above hydro- 
gen in the table do not react with acids in which H™ is the strongest oxidizing agent. Metals at the very bottom of 
the table are very easily oxidized and hence are extremely strong reducing agents. They are so reactive that they 
are able to reduce the hydrogen in water molecules. For example, sodium reacts vigorously with water to form 


sodium hydroxide. 


2Na(s)+ 2H,O > H,(g)+2NaOH(aq) 


3. For metals below hydrogen in the activity series, there is a parallel between the ease of oxidation of the metal and 
the speed with which it reacts with H’. 


Solved Example | 2-19) 


Write a chemical equation for the reaction that will occur 


when 


(a) aluminium metal is added to a solution of copper(II) 


chloride and 


(b) silver metal is added to a solution of magnesium 


sulphate. 


If no reaction occurs, write “no reaction” in place of the 
products. 


Solution 


(a) Al(s)+3CuCl(s) > AICI, + 3Cu 
(b) 2Ag+MgSO, > Ag,SO, + Mg 
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Solved Example | 2-20) 


Arrange the following metals in the order in which they 
displace each other from the solution of their salts: Al, Cu, 
Fe, Mg and Zn. 


Solution 


A metal of stronger reducing power displaces another 
metal of weaker reducing power from its solution of salt. 


The order of the increasing reducing power of the given 
metals is Cu < Fe < Zn < Al < Mg. Hence, we can say 
that Mg can displace Al from its salt solution, but Al can- 
not displace Mg. Thus, the order in which the given met- 
als displace each other from the solution of their salts is 
given below: 


Mg>Al>Zn>Fe>Cu 


2.3 | CALCULATION OF n-FACTOR IN A REACTION 


The n-factor of oxidizing agent or reducing agent is calculated depending upon the change in oxidation state of the 
species considered. Some of the cases are discussed as follows: 


1. When only one atom undergoes either reduction or oxidation: 
+7 H* 42 
MnO; ——— Mn* 
n=5 
Here the n-factor is (+7) x 1 — (+2) x 1=5. 
2. When only one atom undergoes change in oxidation state but appears in two products with the same oxidation state. 


+6xX2 43 3+ 
Cr,07> —> Cr**+Cr* 
Here the n-factor is [(+6) x 2 — (+3) x 2] =6. 


3. When only one atom undergoes change in oxidation state but forms two products with different oxidation states 
because of either only oxidation or only reduction. 
+7 +2 +6 


3MnO;, ——>2Mn**+Mn** 
For 3 mol of MnO;, the total moles of electron is [2 x (+2) — 2 x (+7)] + [1 x (46) - 1(4+7)] = 4- 14+ 6-7 =11.So, 
for each mole of MnO,j, n-factor = 11/3. 
4. When only one atom undergoes change in oxidation state in two products with changed oxidation state in one 
product and same oxidation state as reactant in the other product. 
K,Cr,O, + 14HCl > 2KC1+ 2CrCl, + 3Cl, +7H,O 


In this case, 14 mol of HCl are reacting, out of which 6 Cl have oxidation state 0 and 8 Cl have oxidation state —1 
in CrCl, and KCL. So, the total moles of electrons lost by 14 HCl is 6. Thus, each mole of HCI takes 6/14 = 3/7 moles 
of electrons. So, n-factor = 3/7 


5. When two or more atoms in the salt undergo change in oxidation state because of either oxidation or reduction. 
For example, 
FeC,O, > Fe* +2CO, 
Hence, the n-factor of FeC,O, is [1 x (+2) —1 x (4+3)] + [2 x (43) -2 x (44)] =3. 
6. When two atoms undergo change in oxidation state with one undergoing oxidation and other reduction. For this 


case, the change in oxidation state of either the atom being oxidized or the atom being reduced should be calcu- 


lated. For example. 
-3x2 +3x2 


+6x2 0x2 
(NH, ), Cr20, —~N,+Cr,0,+4H,O 
Hence, the n-factor of (NH,),Cr,O, considering reduction = (+6) x 2 — (+3) x 2=6 


7. When the species undergoes disproportionation reaction, that is, the oxidant and reductant are the same species 
or the same element from the species is getting oxidized as well as reduced. 


2H,O, > 2H,0+0, 
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For oxidation reaction, n-factor = 2 x 0 -(-1) x 2 = 2 and for reduction reaction, n-factor = (—2) x 2— (-1) x2 =2. 
Hence, the n-factor of H,O, either considering oxidation or reduction reaction is same, that is, 2. 


Solved Example | 2-21 | 


Calculate the n-factor of HCI in the following reactions: 
(a) KMnO, with HCl and (b) K,Cr,O, with HCl. 


From Eq. (1), we have 
: mol of KMnO, =8 xz mol of HCl= . mol of HCl 
Solution 
(a) KMnO, with HCL. The reaction is 


or y =5/8 =n-factor of HCL. 


(b) The reaction is 


+1 47 -1 +2 1 0 +1 -1 
2K MnO, +16HCI>2MnCl, +5Cl, + 2KCl+8H,O 


In this case, we cannot proceed by the usual method 
of writing half reaction, instead we need to first bal- 
ance the redox reaction and then following the steps 
as shown. 

From the reaction, we find that 2 mol of KMnO,= 
16 mol of HCl, thus, we write as 


x molof KMnO, = 8x mol of HCl (1) 


Now, 1 gram equiv. of KMnO, reacts with 1 gram 


+1 +6 -1 +1 -1 al 0 
K,Cr,O, + 14H Cl > 2K Cl1+2Cr Cl,+3Cl,+7H,O 
Now, from the reaction 
Cr,O7 +14H* +6e7 > 2Cr* +7H,O 
the n-factor of K,Cr,O, = 6. 
Now, 1mol of K,Cr,0,=14molofHCl = (1) 


and gram equiv. of K,Cr,O, = gram equiv. of HCl, so 
we have 1 


, | = mol K,CrO, = bs mol HCl (2) 

equiv. of HCl, so from the reaction 6 y 

MnO, +8H* +5e~ — Mn” +4H,O From Eqs. (1) and (2), we have 
14.1 3 

7 mol of KMnO, = — mol of HCl 6 y 7 

y 


or n-factor of HCl = 3/7. 


Solved Example | 2-22 | 


In redox reaction, Ba(MnO,), oxidizes K,[Fe(CN),) into Molesof Ba(MnO,), _ 61 
K*, Fe**, CO} and NO; ions in acidic medium, where 1molofK,Fe(CN), 10 
Ba(MnO,), itself reduces into Mn”, than how many moles 

of Ba(MnO,), will react with 1 mole of K,[Fe(CN),] so, 


we have 


61 


Solution Moles of Ba(MnO,), = in x1=61 


The n-factor of Be(MnO,),= 10 andn-factor of K,[Fe(CN),] 
= 61. Now, since 


2.4 | BALANCING OF REDOX REACTIONS 


The redox reactions can be balanced by oxidation number method or by half-reaction method. 


Half-Reaction (lon Electron) Method 


When Cr,O7" reacts with Fe” in an acidic solution, Cr* and Fe™ are formed as products. This information permits us 
to write the skeleton equation, which shows only the ions (or sometimes molecules, too) involved in the redox changes. 


Cr,O7 (aq) + Fe** (aq) > Cr** + Fe* 
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We then proceed through the steps described below to find the balanced equation. As you will see, the half-reaction 
or ion-electron method will tell us how H* and H,O are involved in the reaction; we do not need to know this in 
advance. 


1. Divide the skeleton equation into half-reactions: One of the reactants Cr,O7 is written at the left of an arrow. On 
the right, we write what Cr,O7 changes into, which is Cr**. This gives us the beginnings of one half-reaction. For 
the second half-reaction, the other reactant, Fe™, is written on the left and the other product, Fe™, on the right. 
Complete formulas should be used for the ions that appear in the skeleton equation. Except for hydrogen and 
oxygen, the same elements must appear on both sides of a given half-reaction. 


Cr,O; (aq) > Cr™ (aq) 
Fe** (aq) > Fe* (aq) 


2. Balance atoms other than H and O: There are two Cr atoms on the left and only one on the right, so we place a 


” 


coefficient of 2 in front of Cr**. The second half-reaction is already balanced in terms of atoms, so we leave it “as is” 
Cr,07 (aq) > 2Cr** (aq) 
Fe** (aq) > Fe** (aq) 

3. Balance oxygen by adding H,O to the side that needs O: There are seven oxygen atoms on the left of the first 
half-reaction and none on the right. Therefore, we add 7H,O to the right side of the first half-reaction to balance 
the oxygen atoms. (There is no oxygen imbalance in the second half-reaction, so there is nothing to do there.) 

Cr,O7 (aq) > 2Cr** (aq) + 7H, O(aq) 
Fe** (aq) > Fe** (aq) 


The oxygen atoms now balance, but hydrogen will be balanced next. 


Note: Use H,O, not O or O,, to balance oxygen atoms because H,O is what is actually present in the solution. 


4. Balance hydrogen by adding H’* to the side that needs H: After adding water, we see that the first half-reaction 
has 14 hydrogen ions on the right and none on the left. To balance hydrogen, we add 14H’ to the left side of the 
half-reaction. When you do this step (or others) be careful to write the charges on the ions. If they are omitted, you 
will not obtain a balanced equation in the end. 


14H* (aq) + Cr,O3" (aq) > 2Cr** (aq) +7H,O(1) 
Fe** > Fe** 
Now each half-reaction is balanced in terms of atoms. The charge will be balanced next. 


5. Balance the charge by adding electrons: First we compute the net electrical charge on each side. For the first half- 
reaction we have 


14H* +Cr,02- > 2Cr** +7H,O 
a ee rn) 
Net charge = (14+) + (2-) = 124 Net charge = 2(3+) + 0 = 64 


The algebraic difference between the net charges on the two sides equals the number of electrons that must be 
added to the more positive (or less negative) side: Here, 6e is added to the left side of the half-reaction. 


6e +14H* (aq) + Cr,O7 (aq) > 2Cr** (aq) +7H,O(1) 


This half-reaction is now complete; it is balanced in terms of both atoms and charge. To balance the other half- 
reaction, we add one electron to the right. 


Fe** (aq) > Fe** (aq) +e7 
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6. Make the number of electrons gained equal to the number lost and then add the two half-reactions: At this point 
we have the two balanced half-reactions. 


6e + 14H* (aq) + Cr,O7 (aq) > 2Cr** (aq) +7H,O(1) 

Fe** (aq) > Fe**(aq)+e7 
Six electrons are gained in the first, but only one is lost in the second. Therefore, before combining the two equa- 
tions we multiply all of the coefficients of the second half-reaction by 6. We do this because in a redox reaction, the 
number of electrons gained by the atoms which get reduced is equal to the number of electrons lost by the atoms 
which get oxidized. 

6e +14H*(aq)+Cr,O5 (aq) > 2Cr** (aq) + 7H, O(1) 
[Fe** (aq) > Fe**(aq)+e ]x6 
Sum: 6e7 + 14H*(aq)+Cr,O7 (aq) + 6Fe™ (aq) > 2Cr** (aq) + 7H,O(1) + 6Fe* (aq) + 6e7 


7. Cancel anything that is the same on both sides: This is the final step. Six electrons cancel from both sides to give 
the final balanced equation. 


14H*(aq)+Cr,O5 (aq) + 6Fe™* (aq) > 2Cr** (aq) + 7H, O(1) + 6Fe** (aq) 
In some reactions, after adding the two half-reactions H,O or H’ are also there on both sides; for example, 6H,O 


on the left and 2H,O on the right. These have to be cancelled. Thus, 


...+6H,O...—>...+2H,O... reduces to ...+4H,O...>... 


In a basic solution, the concentration of H” is very small; the dominant species are H,O and OH . Strictly speak- 
ing, these should be used to balance the half-reactions. However, the simplest way to obtain a balanced equation 
for a basic solution is to first assume that the solution is acidic. We balance the equation using the seven steps just 
described, and then we use a simple three-step procedure described below to convert the equation into the cor- 
rect form for a basic solution. The conversion uses the fact that H* and OH react in a 1:1 ratio to give H,O. The 
additional steps in the half-reaction method for basic solutions are as follows: 

8. Add to both sides of the equation the same number of OH as there are H". 

9. Combine H” and OH to form H,O. 


10. Cancel any H,O that you can. 


As an example, suppose we wanted to balance the following equation for a basic solution: 
SO (aq) + MnO; (aq) > SO; (aq) + MnO, (s) 
On following Steps 1-7 for acidic solutions, we get 
2H* (aq) +3SO% (aq) +2MnO; (aq) > 3SO7 (aq) + 2MnO, (s) + H,O(1) 


Conversion of this equation to one appropriate for a basic solution proceeds as follows. 
Add to both sides of the equation the same number of OH as there are H*. The equation for acidic solution has 
2H’ on the left, so we add 20H to each side. This gives 


20H (aq) + 2H*(aq)+3SO% (aq) +2MnO; (aq) > 3SO7 (aq) + 2MnO,(s)+ H,O(1) + 20H (aq) 
Combine H* and OH to form H,O. The left side has 20H” and 2H", which become 2H,0O. So in place of 20H” + 2H” 
we write 2H,O. 
20H (aq) + 2H* (aq) + 3SO (aq) + 2MnO; (aq) > 3SO; (aq) + 2MnO, (s) + H,O(1) + 20H (aq) 
; T f 
2H,O(1)+ 3807 (aq) + 2MnO; (aq) > 3SO7 (aq) +2MnO,(s) + H,O(1) +20H (aq) 


Cancel H,O. In this equation, one H,O can be eliminated from both sides. The final equation, balanced for basic 
solution, is 


H,O(1) + 3SO7 (aq) + 2MnO; (aq) > 3SO7 (aq) + 2MnO, (s) + 20H (aq) 
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Solved Example | 2-23 | 


In passing chlorine gas through a concentrated solution 
of alkali, we get chloride and chlorate ions. Obtain the 
balanced chemical equation for this reaction. 


Solution 


The skeletal equation for the given reaction is 
Cl, (g)+OH (aq) ——> CI (aq) + ClO; (aq) 


Here, the oxidation number of Cl, increases from 0 to +5 
in ClO; and decreases to —1 in Cl. Hence, Cl, acts as an 
oxidant as well as reductant. 


Hence, the total increase in oxidation of Cl, =2 x5=10 


Total decrease in oxidation number of Cl, = 2 x (-1) =-2 


Reduction half-reaction 


Cl,(g) > Cl (aq) 
The Cl atoms are balanced by multiplying the reaction by 2, 


Cl, (g) > 2CI (aq) 


To balance oxidation number, we add 2 electrons to RHS 
of the equation to get 


Cl,(g)+2e — 2CI (aq) (1) 


Thus, Eq. (1) represents the balanced reduction half- 
reaction. 


Oxidation half-reaction 
Cl,(g) ClO; (aq) 


To balance all atoms other than O and H, multiply ClO; 
by 2, we have, 
Cl, (g) — 2C1O; (aq) 


The oxidation number is balanced by adding 10 electrons 
to RHS of the equation 


Cl, (g) > 2C1O; (aq) + 10e" 


Balance the charge by adding 120H ions to the LHS, 
since the reaction occurs in the basic medium. 


Cl, (g)+120H (aq) > 2C1O; (aq) + 10e7 
To balance O atoms, we add 6H,O to the RHS to get 
Cl, (g)+120H (aq) > 2ClO;(aq)+6H,O(1)+10e" (2) 


Therefore, Eq. (2) represents the balanced oxidation half- 
reaction. To balance the electrons gained in Eq. (1) and 
lost in Eq. (2), we multiply Eq. (1) by 5 and add this to 
Eq. (2), to get 


5Cl,(g)+10e — 10CI (aq) 
Cl, (g)+ 120H (aq) > 2C1O; (aq) + 6H,O(1) + 10e7 
6Cl,(g)+120H (aq) > 10Cl (aq) + 2C1O; (aq) + 6H,O(1) 


or 3Cl,(g) ++6OH (aq) > 5CI (aq) + ClO; (aq) + 3H,O(1) 


This represents the final balanced redox reaction. 


Solved Example | 2-24 | 


The element technetium (atomic number 43) is radioac- 
tive and one of its isotopes, Tc, is used in medicine for 
diagnostic imaging. The isotope is usually obtained in the 
form of the pertechnetate anion, TcO;, but its use some- 
times requires the technetium to be in a lower oxidation 
state. Reduction can be carried out using Sn™* in an acidic 
solution. The skeleton equation is 


TcO; +Sn* > Tc** +Sn** (acidic solution) 


Balance the equation by the ion—electron method. 


Solution 


First, we break the given reaction into half-reactions: 


TcO; > Tc** and Sn** > Sn* 


Each half-reaction is already balanced with respect to 
atoms other than O and H, so next we balance the O 
atoms by using water: 


TcO; > Tc** +4H,O > 
Sn** > Sn** + 


Now we balance H by using H’: 


8H* + TcO; > Tc** +4H,O 


Sn* > Sn* 
Next, we add electrons to balance the charges on both 
sides of the equations: 


3e° +8H* +TcO; > Tc** +4H,O 
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Sn* + Sn** +2e 
We multiply the equations so that the electrons gained 
equals the electrons lost and adding them we have our 
balanced equation 


Telegram @unacademyplusdiscounts 


(3e° +8H* + TcO; > Tc** +4H,O) x2 
(Sn** — Sn** + 2e7)x3 


3Sn** +16H* +2TcO; > 2Tc** +8H,O+3Sn* 


Solved Example | 2-25 | 


Explain why the following equation is not balanced. 
Balance it using the half-reaction method. 


Al(s) + Cu** (aq) > Al** (aq) + Cu(s) 


Solution 


The equation is not balanced because the number of 
charges on both sides of the equation is not balanced. To 
balance the equation by half-reaction method, we first 
divide the skeletal equation into two half-reaction: 


Al Al* 


In the third step, we balance the atoms in the half-reactions 


Al => Al**+3e7 


Cu** +2e° > Cu 


(Oxidation) 
(Reduction) 
Next we add the balanced half-reactions. To balance the 
gain and loss of electrons, we multiply oxidation half- 


reaction with 2 and reduction half-reaction with 3, so that 
number of electrons on both sides cancels out. 


(Al > Al**+3e7) x2 
(Cu** +2e° > Cu) x3 


Cu > Cu 2Al + 3Cu? = 2A” + 3Cu 


In the second step, we add the required number of electrons So the balanced equation is: 
to the half-reactions and balance the number of charges: 
Al—> Al*'+3e 


Cu** +2e° > Cu 


2Al(s) + 3Cu** (aq) > 2AI** (aq) + 3Cu(s) 


Oxidation Number Method 


In a typical redox reaction, only two atoms undergo a change in their oxidation states. By identifying these two atoms 
and calculating the change in the oxidation state, we can arrive at a balanced equation. The oxidation number method 
focuses on the atoms of the elements undergoing a change in oxidation state. The following reaction will be used to 
illustrate the procedures for balancing equations by the oxidation state method. 


HNO, (aq) + H,S(aq) ~ NO(g)+S(s)+ H,O(1) 


1. Represent each reactant and product with correct formula. 
2. Identify the atoms whose oxidation states have changed. 


+2 0 +1 2 


+5 2 
HNO,+H,S > NO+S +H,O 


3. Make sure that the number of atoms of nitrogen are equal on both sides of the equation and similarly make sure 
that the number of atoms of sulphur are equal on both sides of the equation (i.e., the equation is balanced). Then 
find the increase (or decrease) in the oxidation number for the number of atoms involved. 


4. Draw a bridge between the same atoms whose oxidation states have changed, indicating the electrons gained or 
lost. This corresponds to the change in oxidation number of atom. 
+3e- 
a 
+5 +2 


HNO, + H,S >NO+S+H, 
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5. Multiply the molecule, atoms or ions oxidized or reduced by an appropriate number so as to make the increase 
in the oxidation number of the atom(s) oxidized equal to the decrease in the oxidation number of the atom(s) 
reduced. In this example, multiply the two numbers (+3 and —2) by whole numbers that produce a common multiple. 
For 3 and 2, the common multiple is 6. (e.g., +3 x 2 =+6;-2 x 3 =-6.) Use these multipliers as coefficients of the 
respective compounds or elements. Note that six electrons are lost (bottom) and six are gained (top). 


-3e x @y=-6e" 


2HNO, + 3H,S > 2NO + 3S + H,O 
———E 
-2e x @)=-6e-— 


6. Balance the rest of the equation by inspection. Note that there are eight H’s on the left, so four H,O’s are needed 
on the right. If the equation has been balanced correctly, the O’s should balance. Note that they do. The final bal- 
anced equation is 


2HNO, +3H,S > 2NO+3S+4H,O 


Fastest Method for Balancing an Equation 
Consider the following reaction 


MnO; +Cl > Cl, +Mn* 


The fastest method for balancing this equation involves the following steps. 


Step 1: Choose any side (LHS or RHS) and write the n factors of the same on top of the compounds. Say, we choose 
LHS in the above equation. 
Step 2: Cross multiply the n-factors. Now, we do not change the coefficients of this side. 


1 MnO; +5 Cl > Cl, +Mn”* 


Step 3: Balance the elements getting oxidized or reduced on the other side. In this case, we have to balance Mn and 
Cl on the other side. 


1 MnO; +5 Cl > Cl, +Mn* 


Step 4: Balance O atoms by addition of H,O 
1MnO,+5 Cl > 2c, +1Mn** +4H,O 
Step 5: Balance H atoms by addition of H* 


8H*+1Mn0O,+5 Cl > 2c, +1Mn** +4H,O 


The above is new balanced equation in acidic medium. In order to balance the equation in basic medium, repeat 
Steps 1-5 and then add OH = H’ on both sides and cancel H,O. 


8OH + 8H* +1 MnO; +5 Cl > 2c, +1Mn** +4H,0+80H” 


8H,O+1MnO;,+5 Cl > 2c, +1Mn** +4H,O0+80H™ 
Subtracting H,O, we get the final equation in basic medium. 


4H,O +1 MnO; +5 Cl > 2c, +1Mn?*+8OH™ 


Note: No additional step is required to balance the charge in any equation. 
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Solved Example | 2-26 | 


Balance the following equation by the oxidation number 
method. 


Zn+ AgNO, —> Zn(NO,), + Ag 


Solution 


The equation can be represented as 


—2e- 
a | 
0 +2 
Zn + AgNO, —-> Zn(NO,), + Ag 
+1 0 
l | 


The oxidation (top) should be multiplied by 1, and the 
reduction process (bottom) should be multiplied by 2. 


—2e- x 1=-2e- 
k-... ..4 
Zn + 2AgNO, ——> Zn(NO,), + 2Ag 


I | 
-le-x2=+2e 


The final balanced equation is 


Zn+2AgNO, — Zn(NO,), +2Ag 


Solved Example | 2-27 | 


When very dilute nitric acid reacts with a strong oxidizing 
agent such as magnesium, the nitrate ion is reduced to 
ammonium ion. Write a balanced net ionic equation for 
the reaction. 


Solution 


The reaction involved is HNO, + Mg > NHj + Mg”* 
Divide the reaction into two half-reactions and balance 
the number of atoms 


HNO, > NH? 
Mg > Mg* 

HNO, > NH; +3H,0 
Mg > Meg* 


HNO, + 9H* > NH, + 3H,O 
Mg > Mg* 
Balance the charges with electrons 
8e + HNO, + 9H* > NH; +3H,O 
Mg > Mg” + 2e 


Multiply by a factor to make the number of electrons the 
same 


8e- + HNO, + 9H* > NH, + 3H,O 
(Mg > Mg” + 2e) x4 


Add together, we get HNO, + 9H* + 4Mg > NH; + 4Me™* 
+ 3H,O 


Solved Example | 2-28 | 


In the balanced chemical reaction: 
10; + al +bH* > cH,O+dl, 
what are a, b, c and d, respectively, 


Solution 


Let us proceed stepwise to determine the products. 
First, [ undergoes oxidation to form I, 
T >], 


Now, iodate ion undergoes reduction as follows: IO, > I, 


Adding H* and H,O to balance the number of O atoms, 


we get 
10; +12H* >1,+6H,O 


Balancing the charges with electrons, we get 


10; +12H* +10e- > 1, +6H,O (1) 
7 i, 426 (2) 


Multiplying Eq. (1) by 5 to make the number of electrons 
same and adding with Eq. (2), we get 


210, +10e +12H* +1, +6H,O 
(I >I +2e)x5 
210; +101 +12H* > 61, +6H,O 


Dividing throughout by 2, we get 
10, +51 +6H* > 31, +3H,O 


Comparing with the given equation, we get a= 5, b =6, 
c=3andd=3. 
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Balance each of the following equations by the oxidation 
number method. 


(a) NH,+O, > NO+H,O 

(b) Sn+ HNO, > SnO, +NO,+H,O 

(c) Cr,O, +Na,CO,+KNO, — CO, + Na,CrO, + KNO, 
(d) Se+BrO, +H,O > H,SeO, + Br- 


Solution 


(a) The reaction can be represented as 


Se x4=-20e" 
-3 +2 
4NH, + 50, > 4NO + 6H,O 
0 -2 
| | 
—4e- x 5 =-20e 


(b) The reaction can be represented as 


—-4e-x1=-4e- 
I ] 
0 +4 
Sn + 4HNO, > SnO, + 4NO, + 2H,O 
+5 +4 
l J 
+lex4=+4e 


(c) Before the number of electrons lost is calculated, 
notice that a temporary coefficient of “2” is needed 
for the Na,CrO, in the products since there are 2 Cr’s 
in Cr,O, in the reactants. 


+2e° x 3=+6e 


46 +3 
Cr,O,+ 2Na,CO, + 3KNO, > 2CO,+ 2Na,CrO, + 3KNO, 
+6 +12 
lL J] 
+6e x 1=-6e 


(d) The reaction can be represented as 


—-4e x 3=-12e 
I l 
0 +4 
3Se+ 2BrCO; + 3H,O > 3H,SeCO,+ 2Br- 
+5 -1 
I | 
+6e x 2=+12e- 


Solved Example | 2-30 | 


In the equation: Zn + NO; +OH™ — ZnO; +NH,, what 
are the stoichiometry coefficients of Zn, NO;, OH"? 


Solution 


First, we find the oxidation states of atoms undergoing 
redox changes. 


0 +5 42 3 
Zn +NO;+OH~ > ZnO2-+ NH, 


Then we find the changes in oxidation states and equalize 
the species, undergoing redox change, with a suitable integer. 


0 +5 +2 3 
Zn +NOj+OH™ > ZnO; +NH, 
Increase in oxidation state = 2 x 4 and decrease in oxida- 
tion state = 8. 
Then, we multiply Zn by 4 to equalize the change in 
oxidation states. 


4Zn+NO; +OH™ > 4ZnO} +NH, 


Next, we find the total charges on both the sides and find 
the difference in charges. 

Charge on LHS = (-1) + (-1) = —2 and Charge on 
RHS =4 x (-2) =-8 

Difference of charges = -8 — (-2) =-6 

Now, since reaction is taking place in alkaline 
medium, we will have to add 6 OH on the side falling 
short in negative charges, that is, LHS to equalize the 
charges on both the sides. 


4Zn +NO;+70H~ > 4ZnO? +NH, 


Finally, we add the required number of water molecules 
(i.e.,2H,O) on the side deficient in H and O atoms to get 
the balance equation as 


4Zn +NO; +70H~ > 4ZnO} +NH,+2H,O 


2.5 | CONCEPT OF EQUIVALENT MASS 


Equivalent mass is the number of parts by mass of a substance which combines or displaces (directly or indirectly) 
1.008 parts by mass of hydrogen or 8 parts by mass of oxygen or 35.5 parts by mass of chlorine or 108 parts by mass of 
silver. Equivalent mass is related to the atomic mass by the relation: 


Atomic mass of element 


Equivalent mass = 


Valence (7) 


when it combines with n parts by maspef/hydrogen.me/unacademyplusdiscounts 


Chapter 2 | Mole Concept-ll 


The equivalent weights of acids, bases and oxidizing/reducing agents can be obtained as follows: 
1. Equivalent weight of an acid: The ratio of molecular weight of acid to basicity of acid or the ratio of molecular 
weight of acid to the number of replaceable hydrogen atoms in one molecule of acid. 


2. Equivalent weight of a base: The ratio of molecular weight of base to acidity of acid or the ratio of molecular 
weight of base to the number of replaceable OH groups in one molecule of base. 


3. Equivalent weight of an oxidizing or reducing agent: The ratio of molecular weight of the substance to the number 
of electrons gained or lost by one molecule in a redox reaction. 


The equivalent mass of an element can be determined by any of the following methods: 


1. Hydrogen displacement method: A known mass of metal is reacted with mineral acid and the amount of hydrogen 
liberated is measured under experimental conditions, and the volume of hydrogen determined at STP. The equiva- 
lent mass of metal is calculated using the mass of hydrogen (density = 0.00009 at STP), using the relation 


Mass of element Mass of element x 1.008 


Equivalent mass = .008 = - 
Mass of hydrogen Volume of hydrogen displaced x 0.00009 


2. Oxide formation method: A known mass of the element is converted into its oxide directly or indirectly and the 
equivalent mass of the element is determined using the relation: 


: Mass of element Mass of element 
Equivalent mass = - x8= x8 
Mass of oxide — Mass of element Mass of oxygen 


3. Chloride formation method: A known mass of element is converted into its chloride directly or indirectly and the 
equivalent mass of the element is determined using the relation: 


Mass of element _ Mass of element 


Equivalent mass = - x 35.5= - 
Mass of chloride — Mass of element Mass of chlorine 


4. Metal-to-metal displacement method: A less active metal is displaced from its salt solution by adding a known 
weight of more active metal and the precipitated metal is filtered, dried and weighed accurately. The equivalent 
masses of the metals (E, and £,) are in the ratio of their respective masses (m, and m,), that is, 


Wi Ps 
m, &£, 


If the equivalent weight of one of the metals is known, we can calculate the equivalent weight of the other metal. 
5. Double decomposition method: For a double decomposition reaction of the type 


AB+CD > AD+CB 


The masses of the reactants and the products are in the ratio of their equivalent masses and the equivalent mass 
of a compound (say AB) is the sum of equivalent masses of the radicals (A+B). Therefore, 


Mass of AB _ Equivalent mass of AB _ Equivalent mass of A + Equivalent mass of B 


Mass of AD Equivalent massof AD Equivalent mass of A+ Equivalent mass of D 


Normality 


Normality is defined as the number of gram equivalents of a solute dissolved per liter of solution. Mathematically, it 
is expressed as 


Number of gram equivalents 


N= x 1000 


Volume in mL 


where number of gram equivalents can be found as follows: 
Given weight 


Number of gram equivalents = ——————__>—_ 
Equivalent weight 
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Milliequivalents of the solute can be found as 


Weight of solute 


Equivalent weight of solute 


Milliequivalent of solute = N x V(in mL) = 


Relationship between normality and molarity: 
We know that, 


Strength of the solution (g L™') = Molarity x Molecular mass 
Also, 
Strength of the solution (g L"') = Normality x Equivalent mass 
Equating both relations, we get 
Molarity x Molecular mass = Normality x Equivalent mass 


a Normality _ Molecular mass _ 


Molarity Equivalent mass 


Therefore, Normality =n x Molarity 


Solved Example | 2-31 | 


A solid element with specific heat 1 J g' K"'. If the equiv- faye 6.4 7 6.4 

alent weight of the element is 9. Identify the element after g Specificheat 1/4.18 cal g'K™ 
determining its atomic weight. = 6464.18 = 96.75 

Solution Now, valency = atomic weight/equivalent weight = 


. —— (6.4 4.18)/9 ~3. 
According to Dulong and Petit’s law, atomic weight x spe- Thus, the atomic weight = equivalent weight x valency 


cific heat (in cal g') = 6.4. Given that specific heat=1 =9%3= 27, which is the atomic weight of Al. 
J ¢'K™. Therefore, 


Solved Example | 2-32 | 


A metal oxide has 40% oxygen. What is its equivalent By the definition of equivalent mass, we have 
weight? 


60 ; 
Solution io x8 =12 g equiv. 


The 100 g of sample of metal oxide contains 40 g of 
oxygen and 60 g of metal, M. 


Solved Example | 2-33 | 


In the reaction I, +2S,O7 > 21° +S,O7°, what is the 


: ; 2 1 1 
equivalent weight of iodine? (At. wt. of iodine = 123.9 u) lequivalcnlwelent Of iodine ie Molivily= 2” ed 


Solution = 123.9 g equiv. 


The half reaction is I, +2e” — 21. Therefore, 
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Solved Example | 2-34 | 


A solution of H,O, labeled as 20 volumes was left open. 
Due to this some decomposition of some H,O,, the volume 
strength of the solution decreased. To determine the new 
volume strength of the H,O, solution, 10 mL of the solu- 
tion was taken and it was diluted to 100 mL. 10 mL of this 
diluted solution was titrated against 25 mL of 0.0245 M 
KMn0O, solution under acidic condition. Calculate the 
volume strength of the H,O, solution. 


Solution 


We know that milliequiv. of H,O,in 10 mL = milliequiv. of 
KMn0O, = 0.0245 x 5 x 25 = 3.0625 milliequiv. 


Therefore, in 100 mL = 3.0625 x 10 milliequiv. Since 
100 mL solution contains 30.625 x 10° equiv. 


Then in 1000 mL, the normality 


= 30.625 107 x sai 
100 


= 30.625 x 107 = 0.30625 N 


Now, normality N = volume strength/5.6. So, volume 
strength = N x5.6 = 0.30625 x 5.6 = 1.715 g/L 


Solved Example | 2-35 | 


A polyvalent metal weighting 0.1 g and having atomic 
weight of 50 reacted with dilute H,SO, to give 44.8 mL 
of hydrogen at STP. The solution containing the metal in 
this lower oxidation state, was found to require 60 mL of 
0.1 N KMnO, solution for complete oxidation. What are 
valencies of metal? 


Solution 
The reaction involved is Metal(M)+H,SO, > H, 


44.8 mL H, at STP= a mol of H, 
22400 


Now, milliequiv. of M = milliequiv. of H,O 


Thus, in the reaction M- xe” > M“*, x = 2 or oxidation 
state is + 2. 

Now M” will acquire higher oxidation state when oxi- 
dized by KMnO, 


M2t —ne > M2*” 


Now, milliequiv. of M* = milliequiv. of KMnO, 


01 1000 =0.1x60 3 n=2 

50/n 
So oxidation state of M is M*” = M*. Hence, the possible 
valencies of the metal are + 2 and+5. 


Note: For hydrogen, the reaction is 2H* +2e > H, 
Milliequiv. of H, =2 x moles of H, 


or ene 
50/x 


0.1 -(B8)c2sx02 
2200 


2.6 | STOICHIOMETRY OF REDOX REACTIONS AND CONCEPT OF GRAM 


EQUIVALENTS 


The quantitative relationship between reactants and products in case of redox reactions are calculated similarly as in 
case of general chemical reactions. The first mandatory step is to write a balanced chemical equation for the redox 
reaction. The coefficient of the reductant and oxidant will tell us the exact number of moles of each taking part in 
the redox reaction. If the stoichiometric coefficients of the reductant and oxidant are n, and n,, respectively, then in a 
volumetric estimation, the molarity equation may be written as 


MV, 22 MV, 


ny 


Ny, 
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The equation can be used for the calculation of any one variable out of the four, if the other three are known. 
From the concept of gram equivalents, we have for the reaction 


A+B—>C+D 
where A is the reducing agent and B is the oxidizing agent, 
1 g equiv. of A =1 g equiv. of B =1 g equiv. of C=1 g equiv. of D 
Milliequiv. of oxidizing agent = Milliequiv. of reducing agent 
The equivalent weights for oxidizing and reducing agents can be found as follows: 


Molecular weight of oxidant/reductant 


Equivalent weight of oxidant/reduectant = 2 @@— AA 
Number of electrons lost/gained by one mole of reductant/oxidant 


or Equivalent weight = Molecule yelgnt 


n 


where n is the number of electrons lost/gained by 1 mol of oxidizing/reducing agent in their balanced half reaction. 
Here n is known as n-factor or valence factor. It is an integer that relates stoichiometric quantities. 
Some examples are given as follows: 


1. Equivalent weights of oxidants and reductants: 


Fe,(SO,), as oxidizing agent: (COOH), as reducing agent: 
Fe* +1e” — Fe** C,07 > 2CO, + 2e7 
= 2+ 
1 mol of Fe,(SO,), = 2 mol of Fe po cocn wen 90 _ 45 
Son =2 for 1 mol of Fe,(SO,), and 2 
400 


Equiv. weight = ae 200 


2. Equivalent weight based on medium 


KMn0O, as oxidizing agent in acidic medium: Na,S,O, as reducing agent in acidic medium: 
MnO; + 8H* +5e > Mn** + 4H,O 28,07 > S,O¢ +2e7 

: : 158 : : 158 
n=5,so Equiv. weight = a5 31.6 n= 2/2 =1 for 1 mol of Na,S,O,, so Equiv. weight = ee 158 
KMn0O, as oxidizing agent in alkaline medium: Na,S,O, as reducing agent in alkaline medium: 
MnO; + 8H* +5e > Mn* +4H,O S,07 +100H” > 2SO7 +5H,0+8e7 

: ‘ 158 : : 158 
n=5,so Equiv. weight = = 31.6 n=8 for 1 mol of Na,S,O,, so Equiv. weight = aes IWS 


3. Equivalent weight based on dilution 


From n-factor calculation, we know that higher the n-factor, . . 

stronger is the oxidizing power. However, this rule is violated = 1,80 Equiv. weight = Fis 63 

in case of HNO,, where conc. HNO, is a stronger oxidizing dil. HNO;: 

agent. Thus, for the three cases, the number of electrons NO; + 4H* +3e° > NO+2H,O 
involved in the reaction is found from the standard electrode 

potential values. Ee : : _ 

cone. HNO,: n=3,so Equiv. weight = Bie 21 


NO, +2H* +1le > NO,+H,O 
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4. Equivalent weight of a substance undergoing disproportionation: 
Suppose a substance AX is undergoing disproportionation, then we have 


: Mol. wt.of AXin + Mol. wt. of AX in 
Effective mol. wt.of AX _ oxidation half-reaction reduction half-reaction (2.1) 


Equivalent weight = — - 
Number of e transferred Number of e” transferred 


The denominator containing number of electrons transferred can be same or different in the oxidation and reduction 
half-cell reactions. Both the cases are discussed as follows: 


(a) When number of transferred electrons is same: Consider the following reaction 
H,0O, — H,O+0O, 


The half cell reactions are as follows: 
Oxidation: H,O, — O, + 2H* +2e7 
Reduction: H,O, +2H* +2e > 2H,O 


So, n= 2 and effective molecular weight = 34 + 34 = 68. Thus, equivalent weight = - = 34 


(b) When number of transferred electrons is different: Consider the following reaction 
Br, +OH — Br +BrO;,+H,O 


Oxidation: Br, +120H™ > 2BrO; +6H,O+ 10e7 
Reduction: (Br, +2e > 2Br)x5 


So, = 10 and effective molecular weight = 79.9 + 5 x 79.9 = 479.4. Thus, 


Equivalent weight = — = 47.94 


2.7 | VOLUMETRIC ANALYSIS 


Volumetric analysis, also known as titrimetric analysis, refers to the quantitative chemical analysis carried out for 
calculating the volume of a solution of unknown concentration. In this technique, the exact volume of a standard 
solution of accurately known concentration which is required to react with the measured volume of the solution 
of substance is determined. This process of adding the standard solution until the reaction is just complete is called 
titration. 
The following types of reactions are used in volumetric analysis: 
1. Precipitation reaction: This reaction involves the formation of a sparingly soluble salt. 


2. Complexometric reaction: This reaction involves the formation of a soluble complex between the metal ion and 
the complexing agent. 


3. Neutralization reaction: This reaction involves the neutralization of an acid and a base. 


4. Redox reaction: This reaction involves an oxidizing agent and a reducing agent. 
The volumetric analysis is based on the following: 


1. Law of chemical equivalence: This law states that substances react with each other in a definite ratio by mass. 
At a particular point called end-point, the number of gram equivalents of the reacting substances becomes 
equal. 


Number of gram equivalents of substance 1 = Number of gram equivalents of substance 2 
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2. Normality equation: The law of chemical equivalence can be expressed in terms of normality of the two reacting 
substances: 


NV, =N,V, 
where N, and N, are normalities of substances 1 and 2 and V, and V, are the volumes of substances 1 and 2, respec- 


tively. This is known as the normality equation. If N,, V, and V, are known, then N, and thus the unknown strength 
can be calculated. 


Some Terms Used in Volumetric Analysis 
The following terms are used in volumetric analysis: 
1. Titrant: The standard solution of accurately known strength. 
. Titrate: The solution containing the substance whose concentration/strength is to be determined. 


. Equivalence point: The exact or theoretical point at which the reaction is complete. 
. End-point: The point, practically observed, at which a physical change is observed near the equivalence point. 


nan b&b Ww WN 


. Indicator: The substance used for visual detection (by color change) on completion of reaction at the end-point. 
A good indicator must have the following characteristics: 


(a) It must be sensitive at the equivalence point and the color change at the end point must be clear and 
sharp. 


(b) The pH range of the indicator should be such that the reaction gets completed within that range. 
6. Types of indicators: The following types of indicators are used in volumetric analysis: 


(a) Acid-base indicators: Indicators which have different color in acid and alkaline solutions. 

Since the process of acid-base titration is accompanied by a change in pH and the equivalence point 
occurs at a definite pH value, indicators which change color in accordance with pH are used to indicate the 
end-point. These indicators have one color in acidic solution and another in alkaline solution. 

Different indicators have different pH ranges within which they can be used. For example, 


e methyl orange is pink in acidic medium and yellow in basic medium and works within 3.1-4.4 pH range; 


e phenolphthalein is colorless in acidic medium and pink in basic medium and works within 8.0-9.6 pH 
range and 


e methyl red is red in acidic medium and yellow in basic medium and works within 4.5-6.5 pH range. 
(b) Redox indicators: Indicators whose oxidized form has a color different from that of the reduced form. 
(c) Precipitation indicators: Indicators which are used for the formation of colored precipitates. 
(d) Complexometric indicators: Indicators which undergo a change in color on forming complex with metals. 


7. Parts per million (ppm): Parts per million denotes the amount of a substance per 1,000,000 or 10° parts of the 
solution regardless of the units of measure used as long as they are same. 


8. Standard solution: The solution of accurately known concentration used for determining the strength of solutions 
of unknown concentrations by titration. It can be classified into two types: 


(a) Primary standard solution: The solution that can be prepared directly by dissolving an accurately weighed 
amount of the substance in water and making up the volume to a known amount by water. Its concentration 
is mostly expressed in mol L" or mol dm”. 

The substance used for preparing standard solution should be available in highly pure state and should 
possess a high equivalent weight to minimize error while weighing. It should not be hygroscopic or efflores- 
cent and should be stable for drying at oven temperature. Its composition should not be affected by air dur- 
ing storage and it should be readily soluble in water or any desired solvent. Examples of primary standards 
include: Oxalic acid, AgNO,, KCl, anhydrous Na,CO,, etc. 


(b) Secondary standard solution: The solution that cannot be prepared by directly weighing the standard substance 
and dissolving it in water. These substances do not possess the properties of primary standard substances. In 
preparation of secondary standard solution, an approximate weight of such a substance is dissolved in water 
and then the strength of this solution is determined by titrating against a primary standard solution. This pro- 
cess is known as standardization. Examples of secondary standard solutions include: NaOH, KMnO,, HCI, etc. 
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2.8 | TYPES OF TITRATIONS 


Redox Titrations 


Redox titration or oxidation—reduction titration can be defined as the titrations involving a reducing agent and an oxi- 
dizing agent. Since oxidation and reduction occur simultaneously and are complimentary to each other, such reactions 
are termed as redox reactions. For example, 


MnO; + 5Fe* +8H* > Mn™* +5Fe* +4H,O 
(Oxidizing (Reducing 
agent) agent) 


Common oxidizing agents used in volumetric analysis are KMnO,, K,Cr,O,, KI, KBr, iodine, etc. 


Redox Indicators 


Any indicator whose oxidized and reduced forms differ in color and whose oxidation and reduction is readily revers- 
ible can be termed as a redox indicator. The quantitative relationship between reactants and products in case of redox 
reactions are calculated similarly as in case of general chemical reactions. The first mandatory step is to write a bal- 
anced chemical equation for the redox reaction. The coefficient of the reductant and oxidant will tell us the exact num- 
ber of moles of each taking part in the redox reaction. If the stoichiometric coefficients of the reductant and oxidant 
are n, and n,, respectively, then in a volumetric estimation, the molarity equation may be written as 


MV, = MLV, 


ny Ny, 


The equation can be used for the calculation of any one variable out of the four, if the other three are known. 
The change in color of a redox indicator is dependent upon the electrode potential of the system. Redox indicators 
are of three types: 


1. Self-indicator: If the reacting solution changes color on reacting with the titrate, it is termed as self-indicator. In 
this case, no other indicator is added to determine the end-point. For example, KMnO, is purple in oxidized form 
but colorless in reduced form. When titrated with a reducing agent (e.g., oxalic acid or Mohr’s salt), it becomes 
colorless. After all the reducing agent is consumed, addition of an excess drop of KMnO, solution gives a pink 
color to the solution indicating the end-point. 


2. Internal indicator: Any indicator which is added to the volumetric flask in which the titration is carried out is 
called internal indicator. For example, diphenylamine is added in the titration of Fe (II) with K,Cr,O, After all 
the Fe (II) is consumed, addition of an excess drop of K,Cr,O, oxidizes diphenylamine which gives a violet color 
to the solution indicating the end-point. 

3. External indicator: An indicator that cannot be added to the volumetric flask in which the titration is carried out 
but can be used externally is called external indicator. Drops of external indicator are placed on a tile by a drop- 
per. As the titration proceeds, drops of reaction mixture are taken out by a glass rod and tested by mixing with the 
drops of indicator on the tile. Color change of the indicator marks the end-point. This is a rough estimation as a 
number of drops of the reaction mixture are taken out from the volumetric flask. For example, K,Fe(CN), is used 
as an indicator in the titration of K,Cr,O, with ferrous ammonium sulphate. It gives blue color on reaction with 
Fe~ ions due to the formation of Fe,[Fe(CN),],. When all Fe~ is converted to Fe™, blue color is no longer obtained. 


Potassium Permanganate Titrations 
Potassium permanganate is a strong oxidizing agent in both acidic as well as basic medium. Generally, KMnO, titra- 
tion in acidic medium proceeds according to the following reaction: 

MnO; +8H* +5e — Mn** +4H,O 
For acidification, H,SO, is generally used. Use of HCl is avoided as KMnO, oxidizes HCl to Cl, gas. HNO, is not used 
as it is itself a strong oxidizing agent and thus itself may oxidize the reducing agent. 
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Potassium permanganate is used in the estimation of reducing agents like oxalic acid according to the reaction: 
2KMnO, +3H,SO, +5H,C,O, > K,SO, +2MnSO, +8H,0+10CO, 


No indicator is used in this titration as KMnO, acts as self-indicator. The drawback with KMnO, titration is that it is 
not a primary standard and has to be standardized before using. 


Potassium Dichromate Titrations 


Potassium dichromate acts as an oxidizing agent only in acidic medium according to the following reaction: 
Cr,O7 +14H* +6e > Cr** +7H,O 


For acidification both H,SO, and HCl can be used as K,Cr,O, does not oxidize HCI at room temperature. In estimation 
of iron in Mohr’s salt, [(NH,),Fe(SO,), 6H,O0] K,Cr,O, oxidizes FeSO, to Fe,(SO,), in the presence of dilute H,SO, as 
illustrated in the following reaction: 


Cr,O2 +14H* + 6Fe** — 2Cr** + 6Fe** +7H,O 


Diphenylamine is used as an internal indicator. It oxidizes from colorless to blue color by oxidation with Cr,O,” at 
the end-point. K,Cr,O, is less powerful oxidizing agent than KMnO, but the advantage is that it is a primary standard. 


lodine Titrations 


Iodine is a mild oxidizing agent. It acts as an oxidizing agent in neutral aqueous medium as per the following reaction: 
1,+2e > 21° 


On the other hand, 2T can be oxidized to I, in the presence of an oxidizing agent. Indicator used in iodine titrations is 
starch. It gives blue color at the end-point. Iodine titrations can be classified as: 


1. Iodometry: Titrations in which iodine liberated during the oxidation of iodide ions by strong oxidizing agent, is 
titrated with a reducing agent and the strength of the oxidizing agent is estimated are called iodometric titrations. 
For example, estimation of Cu~ with thiosulphate involving the following reactions: 


2Cir + A. <¥ Cas], +1, 
Oxidizing 
agent 
IL, +28,03 > $,07 +21" 


Reducing 
agent 


In the first step, Cu is reduced to Cu’ by the addition of potassium iodide in excess in the pH range 4.0-5.5. The 
iodine liberated is titrated against sodium thiosulphate using starch as indicator. The estimated amount of iodine 
is stoichiometrically equal to the amount of copper present. 


2. lodimetry: Titrations involving the direct titration of iodine with a reducing agent are termed as iodimetric 
titrations. Examples of iodimetric titration include the determination of strength of ferrous ions, sulphite ions, 
arsenite ions and thiosulphate ions. 


Solved Example | 2-36 | 


1.0 g of a sample of H,O, solution containing y% H,O, Solution 
by weight requires y mL of KMn0O, solution for com- 
plete titration under acidic condition. Find the molarity 
of KMnO, solution. 


This involves a redox reaction between H,O, (reducing 
agent) and KMnO, (oxidizing agent). Applying the con- 
cept of gram (milli) equivalents, we have 


Milliequiv. of H,O, = Milliequiv. of KMnO, 
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Let us find valence factor (i.e., number of electrons 
involved in redox reactions) of H,O, and KMnO, from 
the half reactions: 


MnO; +8H* +5e~ > Mn?* +4H,O 
and H,O, > O, +2H* +2e 


Now, the electrons involved = 5 for KMnO, and 2 for 
H,O,. Therefore, 


(iso) 


Equivalent weight 


x 1000 


Milliequiv. of H,O, = 


where equivalent weight of H,O, = 34/2. Now, 


ue ( ch 10 
Milliequiv. of KMnO, = N(y) =—-——~ x 1000 > N = — 
34/2 17 
Molarity = Normality 10/17 2 _ 0.117M 
5 5 17 


Solved Example | 2-37 | 


A sample of Pyrolusite (MnO,) weighs 0.5 g.To this solu- 
tion 0.594 g of As,O, and a dil acid are added. After the 
reaction has stopped, As™ in As,O, is titrated with 45mL 
of M/50 KMnO, solution. Calculate the percentage of 
MnO, in pyrolusite. 


Solution 
The reaction involved is 


MnO, + As,O, > Mn* + AsO} 
0.5 g 0.594 g 


For excess of As,O,, we have 
As,O, +MnO; > Mn** + AsO} 
Now, As,O, is getting oxidized to AsO7, the half reac- 
tion is 
As,O, +5H,O > 2As+10H* +4e7 


For 1 mol of As,O,, number of electrons = 4. So, equiva- 
lent weight of As,O, = 198/4 


Milliequiv. of As,O, taken = Micha x 1000 = 12 
: 198/4 


Milliequiv. of excess As,O, = milliequiv. of KMnO, = 
45/1/50 x 5] =4.5. 
The other half reaction is 


MnO; +5e +8H* > Mn” +4H,O 


Note that the number of electron transfer for As,O,, in 
the two reactions is the same. So milliequiv. of As,O, used 
for MnO, =12-4.5=75 

Now, milliequiv. of MnO, = 75. Therefore, the grams 
of MnO, is 


—"_ 1000 = 7.5 > w = 0.326 g 
87/2 


For the half reaction MnO, + 4H* > Mn** +2e° +2H,O. 
Therefore, the percentage of MnO, present is 


0.326 


%MnO, = ~—— x 100 = 65.25% 


Solved Example | 2-38 | 


0.5 g sample containing MnO, is treated with HCl, lib- 
erating Cl. The Cl, is passed into a solution of KI and 
30.0 cm’ of 0.1 M Na,S,O, are required to titrate the liber- 
ated iodine. Calculate the percentage of MnO, in sample 
(atomic weight of Mn =55). 


Solution 
The half reactions are 
2e + : 3 210- 


282+ 5 SE" 4. 2e° 
2e° +Mn** — Mn** 


From the reactions, we have 


Milliequiv. of MnO, = Milliequiv. of Cl, formed = 
Milliequiv. of I, liberated = Milliequiv. of Na,S,O, used 

Now, since from the reactions we have valency factor 
for Na,S,O, = 1, so Nya,s,0, - My,.8,0,° 


Weight 
Equivalent weight 


Therefore, x 1000 = 0.1x1x 30 


or 


0.1x« 1x30 X Maino, _ 0.1x 1x30 x87 
2000 7 2000 


Wmno, = 


= 0.1305 g 


0.1305 


Hence, %purity of MnO, = x 100 = 26.1% 
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Complexometric Titrations 


Complexometric titrations refer to those titrations which are based on the formation of a soluble complex between 
the metal ion and the complexing agent (ligand). These titrations are generally used for the estimation of calcium and 
magnesium by ethylenediamine tetraacetic acid (EDTA). 


Selection of Indicators 


Indicator for complexometric titration is selected such that it forms a less stable complex with metal atom than the 
metal-ligand complex and releases the metal ion at equivalence point resulting in a color change, thus indicating the 
end-point. 

Most widely used indicator is Eriochrome Black T (EBT). It is known as metal ion indicator because it forms 
intensely colored complexes with metal ions which are visible to the eye even at low temperatures. The free indicator 
has a color different from the metal complex and hence the release of free indicator marks the end-point. EBT exhibits 
different colors in different pH ranges. So the pH of the solution is maintained by a suitable buffer for appearance of 
blue color to mark the end-point. 


Estimation of Hardness of Water by EDTA Method 


Hardness of water can be defined as its capacity to precipitate soap. It is due to the presence of calcium and magne- 
sium salts. Hardness of water is of two types: 


Hardness is classified into temporary hardness and permanent hardness. 


1. Temporary hardness: This hardness results in water that contains bicarbonates of calcium and magnesium. It can 
be removed by boiling. The bicarbonates decompose on boiling giving rise to carbonates and hydroxides which 
are insoluble and deposit at the bottom of the vessel. 


Ca(HCO,), —4> CaCO, 1 + H,O+CO, 
Mg(HCO,), —*+Mg(OH), J + 2CO, 


This hardness is also known as carbonate or alkaline hardness. To determine the temporary hardness, a given vol- 
ume of hard water is titrated with a strong acid (HCI or H,SO,) using methyl orange indicator. 


2. Permanent hardness: This hardness is due to presence of chlorides and sulphates of calcium and magnesium in 
water. Thus, it can be caused mainly by the presence of salts such as MgCl,, MgSO,, CaCl, and CaSO, and also 
salts of heavier elements such as iron and aluminium. This type of hardness cannot be removed by boiling but can 
be removed by the addition of softening agents. 


The various units used to express hardness of water are as follows: 


1. Parts per million (ppm): It is the number of equivalent parts of CaCO, present per million (10°) parts of water by 
weight. 


2. Milligrams per liter: It is the number of mg of CaCO, dissolved in 1 L of water. We know that 1 L of water weighs 
1 kg = 1000 x 1000 = 10° mg 


So, 1 mg L‘' =1 mg of CaCO, per 10° mg of water =1 part of CaCO, per 10° parts of water = 1 ppm 


3. Degree Clarke (°C]): It is the number of equivalent parts of CaCO, present per 70,000 parts of water or 1 gallon 
of water. 


4, Degree French (°Fr): It is the number of equivalent parts of CaCO, present per 10° parts of water. 


These various units of hardness are related as: 1 ppm = 1 mg/l = 0.1°Fr = 0.07°C1 


Estimation of hardness of water can be carried out by complexometric titration using EDTA as complexing agent and 
EBT as indicator. EBT when added to water forms an unstable wine-red colored complex with calcium and magne- 
sium. As the solution is titrated with EDTA, free Mg™* and Ca” present in water form stable colorless complex with 
EDTA. Once all the free Mg and Ca™* are complexed, EDTA replaces Mg™ and Ca™ complexed with EBT in the 
unstable wine-red complex. Free EBT imparts blue indicating the end-point of the reaction. The amount of EDTA 


used in the titration corresponds oa to ie hardness of water. 
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Meg” /Ca** + EBT > 
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[Mg/Ca-EBT] 


Mg**/Ca** +EDTA > 


(Unstable wine-red complex) 


[Mg/Ca-EDTA] 


(Stable colorless complex) 


[Mg/Ca - EBT] + EDTA > [Mg/Ca-EDTA] + EBT 


(Blue color) 


Clarke’s method is used for removal of temporary hardness of water. The reactions involved are 


Ca(OH), + Ca(HCO,), > 2CaCO, +2H,O 
Ca(OH), + Mg(HCO,), > MgCO, + CaCO, +2H,O 


Solved Example | 2-39 | 


A particular water sample is found to certain 96.0 ppm 
of SO{ and 122.0 ppm of HCO, with Ca* as the only 
cation. 

(a) How many ppm of Ca™ does this water contain? 


(b) How many mol of CaO are consumed in remov- 
ing HCO; from 1.00 x 10° g of the water described 
above? 


(c) What is the concentration of Ca** remaining in the 
water after the treatment above? 


Solution 


(a) The reactions involved are 
CaSO, = Ca* +SO7 


Ca(HCO,), —=Ca”* +2HCO; 


Every mole of CaSO, has one mole each of Ca™* and 
SO; but every mol of Ca(HCO,), has one mole of 
Ca” half the mole of HCOj. Therefore, we have 


Precipitation Titrations 


(b) 


(c) 


96 ppm = 96 g SO7 in 10°mL H,O (1000 L as ppm 
is mg L"') = 1.0 mL of SO} = 1.0 mol of Ca* 


122 ppm = 122 g HCO; in 10° mL H,O =2.0 mol 
of HCO; = 1.0 mol of Ca* 


Total grams of Ca™ present = 1 + 1 =2.0 mol of Ca™* = 
80 g in 10° mL H,O. Therefore, Ca” = 80 ppm. 


CaO + Ca(HCO,), > 2CaCO, + H,O (Clarke’s 
method) 


1 mol of Ca(HCO,), requires = 1 mol of CaO = 2 mol 
HCO, = 1.0 mol of CaO 


In part (b), by adding CaO, HCO; is removed 
as CaCO,. Thus SO{ is left. The moles of HCO; 
removed = 2.0 mol. 

Hence, Ca removed = 1.0 mol 

Now, total Ca” already present = 2.0 mol 

Hence, Ca™ left = 2.0 — 1.0 = 1.0 mol = 40 g. Thus Ca* 
left in water = 40 ppm. 


Precipitation titrations are defined as the titrations involving the formation of a sparingly soluble salt by the reaction 
of titrate and titrant. Precipitation occurs only when the ionic product exceeds the solubility product. Indicator used in 
these titrations works on the principle of formation of a colored complex. Important criteria for precipitation titration 
are that the formation of precipitate should be fast and the precipitate formed must be insoluble. 


Argentometric Titration 


The most workable precipitation titrations for volumetric analysis are those involving AgNO, and hence called argen- 
tometric titrations. The indicators used in these titrations may involve formation of colored precipitate or a soluble 
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colored compound, based on which, the two important argentometric titrations involved are Mohr’s method and 
Volhard’s method, respectively. These are described as follows: 


1. Mohr’s method: This method, for the estimation of chlorides, involves the titration of AgNO, against halides in 


neutral medium using K,CrO, as indicator. 


Ag’ +Cl > AgCl 
(White precipitate) 


2Ag*+ CrO7; > Ag,CrO, 
(Indicator) (Brick-red precipitate) 


Formation of brick-red precipitate of Ag,CrO, marks the end-point. Ag,CrO, is formed only after the complete 
precipitation of AgCl as the solubility product of AgCl is reached earlier than that of Ag,CrO,. 


Note: 
1. Neutral medium is very important as Ag,CrO, is soluble in acidic medium and AgNO, is precipitated as AgZOH 
in alkaline medium. 


2. This method is used for the estimation of chlorides only. It may not be used for estimation of iodides, because 
the precipitates formed by iodides would mask the color of the indicator. 


2. Volhard’s method: This method, for the estimation of silver, involves the titration of AgNO, against ammonium 
or potassium thiocyanate in the presence of dilute HNO, using ferric salt as indicator. 


Ag'+SCN- > = AgSCN 
(White precipitate) 


Fe*+ SCN- >  Fe(SCN), 
(Indicator) (Red precipitate) 


Appearance of a red precipitate of Fe(SCN), indicates the end-point. Fe(SCN), is formed only after the complete 
precipitation of silver. This method can also be used for the estimation of bromides. However, it cannot be used for the 
estimation of chlorides as the precipitates formed by chlorides disappear on stirring. 


Solved Example | 2-40 | 


A mixture containing only Na,CO, weighing 1.22 g Mass of Na,CO, in 20 mL of the sample = ~ and 
was dissolved in water to form 100 mL of a solution; nth ee 1.22—x 5 

20 mL of this solution required 40 mL of 0.1 N HCl for miss OF ee 5 

neutralization. At the end point, milliequiv. of mixture = milliequiv. 


(a) Calculate the weight of K,CO, in the mixture. aes 


(b) If another 20 mL of the same solution is treated with x5 (1.22—x)/5 
excess of BaCl,, what will be the weight of precipitate F 06/2 + 73872 
thus obtained? (Molecular masses of Na,CO, = 106, 

K,CO, = 138, BaCO, = 1974.) 


} 1000 = 0.1x 40 


Solution 69x —53x41.22x53= aes 69 x 53 


16x = 73.140 — 64.66 


(a) As both K,CO, and Na,CO, are bases, hence both of 
them will react with HCl. Given that for this experiment, 


20 mL sample is taken from 100 mL of the solution. = 8.48 

Let x = mass of Na,CO, be present in the 100 mL = x=0.53 g 

solution, then 1.22 — x = mass of K,CO, in the solu- . . 

Han. Now a Therefore, weight of Na,CO, = 0.53 g and weight of 


K,CO, = 1.22 - 0.53 = 0.69 g. 
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(b) When 20 mL of sample is treated with BaCl,, BaCO, Mass of Na,CO, in 20 mL = x/5 = 0.53/5 = 0.106 g and 
is precipitated. moles of Na,CO, = 0.106 /106 = 1.0x 107 mol. 
BaCl, +N B NaCl Mass of K,CO, in 20 mL = 0.69/5 = 0.138 g and moles 
aCl, +Na,CO, — BaCO, +2NaC of K,CO, = 0.138/138 = 1.0x 10" mol. 


From stoichiometry of above reaction, we have: 
BaCl, +K,CO, > BaCO, +2KCl Moles of BaCO,= Moles of Na,CO,+ Moles of 

K,CO, =1.0x 107 +1.0x10° =2.0x10° 

or mass of BaCO,= (2.0 x 10°) x 197.4 = 0.395 g. 


Neutralization Titrations 


The titrations involving acid and alkali or in other words titrations involving reaction between H* and OH ions to 
form water are termed as neutralization titrations or acid—base titrations. At the equivalence point, the pH of solution 
will be less than or greater than 7 depending upon the strength of the acid and alkali. 

When the strength of an unknown acid is determined by using a known base, the titration is termed as acidimetry, 
whereas when the strength of an unknown base is determined by using a known acid, the titration is termed as alka- 
limetry. During titration, pH of the solution keeps changing and at a definite pH, end-point is reached. 

A plot of pH against the volume of the acid or base added is known as 
acid-base titration curve or pH titration curve. Acid-base titration curves are 
helpful in determination of equivalence point for a given acid and base pair 14 
experimentally. 

A typical curve for the change of pH with volume of alkali added is 
depicted in Figure 1.10. In the beginning, pH changes very slowly followed 
by a sharp increase near the equivalence point even for a very small amount Tee <— Equivalence point 
of alkali added. After the equivalence point, pH again changes very slowly 
(Fig. 2.5). 

A pH titration curve is significant to determine the equivalence point as 
well as to select a suitable indicator that exhibits a distinct change in color at 


a pH close to the equivalence point. The selection of indicator for a titration is Voase 
decided based on the: Figure 28 Adid-base (et) 
1. pH range of the indicator. titration curve. 


2. pH change near the equivalence point. 


An indicator with pH range included in the pH change of solution near the equivalence point is generally used. The 
pH range of some common indicators is given in Table 2.3. 


Table 2.3 Common indicators and their pH range 


Color of indicator 


Indicator pH range Acidic medium Basic medium 
Phenolphthalein 8.3 to 10 Colorless Pink 
Methyl orange 3.1 to 4.4 Red Orange 
Methyl red 4.2 to 6.3 Red Yellow 
Litmus 5 to8 Red Blue 


Different types of acid base titrations and indicators used in some important acid-base titrations are listed as 
follows: 


1. Strong acid-strong base titration: In the titration of HCI with NaOH, the equivalence point lies in the range of 4 
to 10, so phenolphthalein, methyl orange and methyl red can be used as indicators. 


2. Weak acid and strong base titration: In the titration of acetic acid with NaOH, the equivalence point lies between 
75 and 10, so phenolphthalein can be used as an indicator. 
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3. Weak base and strong acid titration: In the titration of NH,OH with HCl, the pH equivalence point lies in the 
range of 4 to 6.5,so methyl orange and methyl red can be used as indicators. 


4. Weak acid and weak base titration: In the titration of acetic acid with NH,OH, the pH at equivalence point lies 
between 6.5 and 75 but no sharp change in pH is observed in these titrations. So no simple indicator can be used 


to identify the equivalence point. 


5. Titration of a salt of strong base and weak acid with strong base: In the titration of sodium carbonate (salt of 
carbonic acid and sodium hydroxide), the neutralization reactions are: 


Na,CO,+ HCl — NaHCO,+ NaCl 
NaHCO,+HCl > NaCl+H,CO, 


In the first reaction, the equivalence point is near pH 8.3 and is near pH 4 for the second reaction. So the suitable 
indicator for the first reaction is phenolphthalein and methyl orange for the second reaction. 


Solved Example | 2-411 | 


A small amount of CaCO, completely neutralizes 525 mL 
of 0.1 N HCl and no acid is left in the end. After convert- 
ing all calcium chloride to CaSO,, how much plaster of 
Paris can be obtained? 


Solution 


525 mL of 0.1 N HCl=525 mL of 0.1 N CaCl, = 525 mL 
of 0.1 N plaster of Paris. 


Molecular mass of plaster of Paris = 145 g 
Equivalent mass of plaster of Paris = a =72.5 g 


Mass of plaster of Paris in 525 mL of 0.1 N solution is 


Normality x Equivalent massx Volume _ 0.1x72.5x525 


1000 1000 
= 3.8068 


Solved Example | 2-42 | 


In an attempt to establish the formula of an oxide of 
nitrogen, a known volume of the pure gas was mixed with 
hydrogen and passed over a catalyst at a suitable tem- 
perature. Conversion of the oxide to ammonia and water 
was to have taken place. 


H,(g), catalyst 
Re > 


N,O, xNH, + yH,O 


2400 cm’ of the nitrogen oxide, measured at room tem- 
perature and pressure produced 720 g of water. The 
ammonia produced was neutralized by 200 cm’ of 1.0 mol 
dm™~ HCl. What is the oxidation number of the nitrogen 
in the nitrogen oxide? 


Solution 
The reaction involved is 


H,(g), catalyst 
> 


WN,0,, xNH, + yH,O 
2400 cm? 0.2mol 0.4mol 
0.1 mol 


(24000 cm* = 1 mol at room condition = 298 K 
and 1 atm) 


Amount of H,O= = = 0.40 mol 


NH, (aq) + HCl(aq) > NH; (aq)+ Cl (aq) 


1 


1000 
Number of moles of NH, = 0.2 mol 


Number of moles of HCl = x 200= 0.2 mol 


0.1 mol of N,O, produces 0.2 mol of NH, and 0.4 mol 
of H,O 
1 mol of N,O, produces 2 mol of NH, and 4 mol of 
H,O 
N,O, > xNH, + yH,O 


1mol 2 mol 4mol 


where x = 2, y= 4. Formula of nitrogen oxide is N,O,. 
Oxidation state of N in N,O, is: 2x + 4(-2) =0 => 
2x -2=0>5x=44. 


Solved Example | 2-43 | 


5mLof8 N HNO,,4.8 mL of 5 N HCland a certain volume 
of 17 M H,SO, are mixed together and made upto 2 L. 
30 mL of the acid mixture exactly neutralized by 42.9 mL 
of Na,CO, solution containing 0.1 g of Na,CO,-10H,O in 


10 mL of water. Calculate (a) the volume of H,SO, added 
to the mixture and (b) the amount (in gram) of the sul- 
phate ions in the solution. 
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Solution 


(a) We know that milliequiv. of acid mixture = milliequiv. 
of HNO, + milliequiv. of HCl + milliequiv. of H,SO,. 


Let N be the normality of the acid mixture and V, 
be the volume of H,SO, added. We have 


Nx 2000 = 8x54+4.8+2(17)xV, (1) 


Now, we find the normality of carbonate as follows: 
Amount of Na,CO,-10H,O used=42. mL~x 


O18 0.429 
ee 0.429 
The number of moles of Na,CO, - 10H,O = 786° = 


0.0015 mol 
The number of moles of acid reacting with those of 
Na,CO, - 10H,O are as follows: 
1 mol of Na,CO, - 10H,O reacts with 2 mol of 
acid, so 


0.0015 mol of Na,CO, - 10H,O will react with 0.003 
mol of acid. 


Now, for Na,CO, - 10H,O we have normality = 


a x 1000 x 2 = 0.069 N 


molarity x 2= 


From the relation N x V (acid mixture) = N, x V, 
(Na,CO, - 10H,O), we have 


Substituting in Eq. (1), we get 
0.1x 2000 = 40+ 244+34xV, > V, =4 mL 


(b) For grams of sulphate ion, we have 
Milliequiv. of H,SO, =2 x 17 x V, = 136 
Now, milliequiv. of SO} = milliequiv. of H,SO, 


Grams of sulphate ion can be found as 


Weight 


- —— x 1000 = 136 
Equivalent weight 
=> Weight = 136 x 2 x a 6.528 g 
2 1000 


Solved Example | 2-44 | 


The neutralization of a solution of 1.2 g of mixture of 
H,C,O, -2H,O and KHC,O, x H,O and some impurities 
which are neutral, consumed 40.0 mL 0.25 N NaOH. On 
the other hand, on titration with KMnO,, a 0.4 g of mix- 
ture required 40.0 mL of 0.125 N KMnO,,. Find the per- 
centage composition of mixture. 


Solution 


Note that the mass of two samples is different in two 
titrations. 

Let x = moles of H,C,O, - 2H,O and y = moles of 
KHC,O, : H,O in 0.4 g sample. 

So, moles of oxalic acid in 1.2 g sample = 3x and moles 
of bioxalate in 1.2 g sample = 3y 

Neutralization with NaOH: 

Milliequiv. of H,C,O,-2H,O + Milliequiv. of 

KHC,O,-H,0O = Milliequiv. of NaOH 

Since acid has 2H” ions whereas bioxalate has only 

1 H*, we have 


2x3x+1x3y=0.25x40 = 2+ y= 


Redox reaction with KMnO,; 
Milliequiv. of H,C,O,-2H,O + Milliequiv. of 
KHC,O,-H,O = Milliequiv. of KMnO, 


Now, we have the reactions 
HC,O; > 2CO, + H* +2e7 
C,O07 7 2CO, + H* +2e7 
Thus, we have 2X x+2x y=0.125x40 > x+ y=2.5 
Solve for x and y, we get x = 5/6 and y = 5/3. 


£11,c,0,-2H,0 


Now, x = x 1000 = - and 


H,C,O,4:2H,0 


SkHC,0,-2H,0 


—M 


x 1000 = 2 
3 


KHC,0,:2H,0 
Substituting Myai,c,o,. 2H,0) = 126 and Moxuc,o, 24,0) = 
144, we get 

£u,c,0, 21,0 = 9-105g and 8xuc,o,.24,0 = 9.2438 


Therefore, the percentage composition of the mix- 
ture is 


%H,C,O,-2H,O = — 


x 100 = 26.25% and 


% KHC,O, x H,O = 


x 100 = 60.75% 


https://telegram.me/unacademyplusdiscounts 


Telegram @unacademyplusdiscounts 


2.8 | Types of Titrations 


Double Titration 


If an aqueous solution contains a mixture of any two of the three NaOH, NaHCO, and Na,CO, and it has to be titrated 
against an acid HCI or H,SO,, it will require two indicators to determine the strength of the bases present. The two 
indicators used are phenophthalein and methyl orange. 


Method: A given volume of the aqueous solution of the bases is taken and phenolphthalein indicator is added to it. 
This solution is titrated with an acid of known normality to the end point the volume of the acid used is noted. This end 
point is called first end point. Now in the same solution, methyl orange is added and gain titrated with an acid of known 
strength to the end point. It is called second end point. The volume of acid, used in the second end point is also noted. 
The normality of the bases present is then calculated. 


Principle: In the presence of phenolphthalein indicator 


1. NaOH is completely neutralized by the acid. 


2. Only half of the milliequivalents of Na,CO, present are titrated as the phenolphthalein will show the color change 
when only NaHCO, (weak base) and neutral species are left in the reaction mixture. The following reactions take 
place, 

NaOH + HCl > NaCl+H,O 
Na,CO, + HCl — NaHCO,+ NaCl 
weak base 

Since phenolphthalein is a weak organic acid, and it changes its color in weakly basic medium (NaHCO,), so as 
soon as the Na,CO, is converted to NaHCO, phenolphthalein shows the color change indicating the completion 
of the reaction. 

In the presence of methyl orange, all the basic substances left in the mixture will be neutralized by acid and 
methyl orange will show the color change when the medium is weakly acidic (H,O + CO,, that is, H,CO,) 


Applications: 


1. Titration of the solution containing both NaOH and Na,CO,: A given volume of the aqueous solution is titrated 
with an acid of known normality using phenolphthalein indicator. Suppose a milliequivalents of acid are used in 
the first end point then, 


Milliequivalent of NaOH + 1/2 x Milliequivalent of Na,CO, = Milliequivalent of acid = a (2.2) 


Now, in the same already titrated solution, methyl orange indicator is added and again titrated to the end point. 
Suppose b milliequivalents of the acid are used at the second end point, then 


1/2 x Milliequivalents of Na,CO, = Milliequivalents of acid = b (2.3) 
From Eqs. (2.2) and (2.3) 


Milliequivalents of acid used by Na,CO, = 2b = Milliequivalents of Na,CO, 
Milliequivalents of acid used by NaOH =a — b= Milliequivalent of NaOH 


Knowing the milliequivalents of Na,CO,or NaOH and the volume of the solution titrated, their normality can be 
calculated. 


Solved Example | 2-45 | 


NaOH and Na,CO, are dissolved in 200mL aqueous Solution 
solution. In the presence of phenolphthalein indicator, 
175 mL of 0.1 N HCl are used to titrate this solution. Now 
methyl orange is added in the same solution titrated and 


Milliequivalents (a) of HCl used in the presence of phe- 
nolphthalein indicator = N x V (mL) =0.1 x 175 = 1.75 


it requires 2.5mL of the same HCl. Calculate the normal- 1.75(a) = Milliequiv. of NaOH + 1 
ity of NaOH and Na,CO, and their mass present in the 2 (1) 
solution. x Milliequiv. of Na,CO, 
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Milliequivalents (b) of HCl used in the presence of methyl 
orange indicator = N x V (mL) =0.1 x 2.5 =0.25. 


0.25(b) = : x Milliequiv. of Na,CO, (2) 
For Na,CO, solution: From Eq. (2), we have 

Milliequiv. of acid used by Na,CO, = 2b = 2 x 0.25 =0.5 
Volume of Na,CO, solution = 200mL 

Suppose normality of Na,CO, = N, then milliequiv. of 
Na,CO,=N, x V, (mL) = 200 N 

Setting equivalents of acid and Na,CO, equal, we get 200 
N, = 0.5. Now, 


Mass of Na,CO, = N, x Equivalent weight x V,(L) 


where equivalent weight for Na,CO, = 106/2 = 53. 
Substituting, we get 


Mass of Na,CO, = _ x53x0.2 = 0.0265 g 


For NaOH solution: From Eqs. (1) and (2), we get 
Milliequiv. of acid used by NaOH = a — b = 1.75 - 
0.25 = 1.50 
Given that volume of NaOH solution = 200 mL. Now, 
suppose normality of NaOH solution = N,, we have 


Milliequiv. of NaOH = N, x V,(mL) = 200 N 


Setting the milliequiv. of NaOH and acid used equal, 


we get 200 N,=15=> N, = = 


Therefore, mass of NaOH = N, x Equivalent weight x 


V,(L) = 5° 40x02 = 0.06 g 


2. Titration of the solution containing both Na,CO, and NaHCO,: Given volume of the solution is titrated by an 
acid using phenolphthalein indicator. Suppose a milliequivalents of acid are used in the first end point, then, 


: x Milliequiv. of Na,CO, = Milliequiv. of acid = a 


(2.4) 


Now in the same already titrated solution, methyl orange indicator is added and again titrated to the end point. 
Suppose b milliequivalents of the acid are used at the second end point, then, 


> Milliequiv. of Na,CO, + Milliequiv. of NaHCO, = Milliequiv. of acid = b 


From Eqs. (2.4) and (2.5), we have 


(2.5) 


Milliequiv. of acid used by Na,CO, = 2a = Milliequiv. of Na,CO, 
Milliequiv. of acid used by NaHCO, = b — a= Milliequiv. of NaHCO, 


Knowing the milliequivalents of the base and volume of the solution titrated, the normality (strength) of the bases 


can be calculated. 


Solved Example | 2-46 | 


Both Na,CO, and NaHCO, are present in an aqueous 
solution. In the presence of phenolphthalein indicator, 
10mL of this solution requires 2.5 mL of 0.1 M H,SO, for 
titration. After this, methyl orange is added in the same 
solution and titration requires 5mL M H,SOQ,. Calculate 
the concentration of Na,CO, and NaHCO, in g L”. 


Solution 


Milliequiv. (a) of H,SO, used in the presence of phenol- 
phthalein indicator = N x V (mL) =0.1 x 2 x 2.5 =0.5. 
Therefore, 


a=0.5= 5 milliequiv. of Na,CO, (1) 


Milliequiv. (b) of NaHCO, “5 
x Milliequiv. of Na,CO, (2) 
For Na,CO, solution: From Eq. (1), we have 
Milliequiv. of acid used by Na,CO, = 2 x 0.5 = 1. 


Suppose normality of Na,CO, solution = N, and given 
that volume of Na,CO, solution taken, V, = 10 mL, then 


Milliequiv. of Na,CO, taken = N, x V,(mL) = 10 N, 
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Putting the milliequiv. of H,SO, and Na,CO, equal, we 
have 1=10N, > N,=0.1N. 

Now, strength (S) in g L"' = N, x Equivalent weight = 0.1 x 
S=s3eL, 


Suppose normality of NaHCO, solution = N, and given 
that volume of NaHCO, solution taken, V, = 10 mL, then 
milliequiv. of NaHCO, taken = 10 N. 

Now, putting the milliequiv. of H,SO, and NaHCO, equal, 
we get 0.5=10 N, = N,=0.05 N. 

Now, strength (S) in g L' = N, x Equivalent weight = 0.05 x 
84=42¢L". 


For NaHCO, Solution: From Eqs. (1) and (2), milliequiv. 
of acid used by NaHCO, = b-a=1.0-0.5=0.5. 


Back Titration 


Let us consider that we have an impure solid substance Z weighting W g and we are required to calculate the percent- 
age purity of Z in the sample. We are also provided with two solutions X and Y, where the concentration of Y is known 
(N,) and that of X is unknown. For the back titration to work, following conditions are to be satisfied. 

1. Compounds X, Y and Z should be such that X and Y react with each other. 

2. Compounds X and pure Z also react with each other, but the impurity present in Z does not react with X. 


The reactions involved are 


Z+X(excess) > Product1 


Remaining (X)+ Y — Product2 as) 


Note: Product 1 should not react with Y 

Now, milliequiv. of Y= N, V, where N, and V, (mL) is the normality and volume of Y. 
Initial milliequiv. of X = N,V, where N, and V, (mL) is the normality and volume of X. 
Remaining milliequiv. of X after reacting with Y= N, V,— N, V, 

Remaining milliequiv. of X = milliequiv. of Z, or 


ax 1000 
Equivalent weight 


N,V, -N,V, = 


where a is the weight of pure Z which is reacted, and is given by 


7 Molecular weight(N,V, — N,V;) 
n-factor 


n-Factor is an integer that relates stoichiometric quantities. In the above expression, m-factor is the ratio of molecu- 
lar weight to equivalent weight. 


100 


(N.V, —N,V5) “ Molar mass of Z ' 
WwW 


Hence, the percentage purity of Z = 
n-factor 


Solved Example | 2-47 | 


20 g of sample of Ba(OH), is dissolved in 10mL.of0.5 N Therefore, milliequiv. of HCl consumed = milliequiv. of 


HCI solution. The excess of HCl was titrated with 0.2 N 
NaOH. The volume of NaOH used was 10cm’. Calculate 
the percentage of Ba(OH), in the sample. 


Solution 
Milliequiv. of HCl initially = 10 x 0.5 = 5. Now, 


Milliequiv. of NaOH consumed = Milliequiv. of HCl in 
excess = 10 x 0.2 =2 


Ba(OH), =5-—2=3. 

Thus, equiv. of Ba(OH), = 3/1000 =3 x 10° 

Now, mass of Ba(OH), = Equivalents x Equivalent weight 
= 3x 10° x (171/2) = 0.2565 g. 


ie x 100 = 1.28% 


Therefore, %Ba(OH), = 
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Solved Example | 2-48 | 


A sample of Mg was burnt in air to give a mixture of MgO The total milliequiv. of HCl = 60 and 

and Mg.N,. The ash was dissolved in 60 milliequiv. of KCI Excess milliequiv. of HCl = milliequiv. of NaOH 
and the resulting solution was back titrated with NaOH. used = 12 

12 milliequiv. of NaOH were required to reach the end Milliequiv. of HCl used for (MgO + Mg.N,) = 60 — 
point. An excess of NaOH was then added and the solu- 12=48 

tion was distilled. The ammonia released was the trapped Millimoles of HCI used = 48 


in 10 milliequiv. of second acid solution. Back titration of 


this solution required 6 milliequiv. of the base. Calculate MgO + 2HCl > MgCl, + H,0 
the percentage of magnesium burnt to the nitride. Mg,N, +HCl > 3MgCl, +2NH,Cl 
Solution On adding NaOH, we get 
The reaction sequence can be summarized as shown: NH,Cl+ NaOH — NaCl+ NH, +H,O0 
O, +N> ae Resultant 
—_» |MgO + Mg3N,| ——~>| solution 
a (60meq) | (Acidic) 


6 meq base Resultant i MgCl, and NH,Cl 
(for complete =| solution - 
neutralisation) | (Acidic) NaOH (excess) 


Note: MgCl, is a salt of strong acid and strong base, so it is neutral. 
Milliequiv. of NH,Cl = Milliequiv. of NaOH used for NH,Cl = Milliequiv. of NH, 
Milliequiv. of NH, = total milliequiv. of acid — Excess milliequiv. of acid used against base = 10-6 =4 


Now, milliequiv. of NH, = millimoles of NH,. 
But millimoles of NH, =4 as valence factor = 1 for NH,. 


Thus, millimoles of Mg,N, = 5X millimoles of NH,Cl = 5X 4=2 


and millimoles of HCl consumed for Mg,N, =2 x 8 = 16. 
Thus, millimoles of HCl used for Mg = 48 — 16 = 32 => millimoles of MgO = millimoles of HCl = 16. 
Now, we have the reactions 


Mg+30, — MgO 
and 3Mg+N, > Mg,N, 


From the reactions, we have millimoles of Mg burnt to form MgO = millimoles of MgO = 16. 
Now, millimoles of Mg burnt to form Mg,N, =3 x millimoles of Mg,N, =3 x2 =6. 


x 100 = 27.27% 


Therefore, %Mg burnt to form Mg,N, = “— 
+ 


2.9 | APPLICATIONS OF REDOX REACTIONS 


Volume Strength of H,O, Solution 


The concentration of H,O, is usually represented in terms of volume. If a sample of H,O, is labeled as x volume, it 
means that 1 volume of H,O, solution gives x volumes of O, gas at STP on complete decomposition. Consider the 
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decomposition of H,O,as 


2H,O,4>52H,O+ 0, 
2x34 g 22.4 Lat STP 


As 22400 mL of O, gas is liberated by 68 g of H,O, solution, therefore 


68x 17x 
LofO ill be liberated b = fH,O, of H,O 
x mL of O, gas will be liberate YS An0 56002° ,O, of H,O, 
17x : : : 
It means that 5600 g of H,O, will be present in 1 mL of solution. Hence, 
1 1 
1000 mL of solution contains H,O,= Ets x 1000 = ES 
5600 5.6 


Now, strength (g L™) = normality x equivalent weight 


or oT gpg 


me = strength(x) =5.6xN 


Note: 
Volume strength 


11.2 


For hydrogen peroxide remember the following 6. Molarity of H,O, = 


relations: 
. 7 4, Strength of H,O,in gL*= Volume strength x 68 
1. Strength of H,O, in % = 36 x Volume strength : 22.4 
56 or 
2. Volume strength of H,O, = 7 x Percentage Volume strength x 34 
11.2 


3. Volume strength of H,O, = 11.2 x Molarity 
8. Strength of H,O,in g L“ = Normality x Equivalent 
4. Volume strength of H,O, =5.6 x Normality weight 


Volume strength or 


5. Normality of H,O, = 56 


Molarity x Molecular 
mass 


Solved Example | 2-49 


A sample of H,O, is x% by mass. If x mL of KMnO, are Now, 
required to oxidize 1g of this H,O, sample, calculate the Equiv. of H.O Weight x 

: : ulVv. O a ee 
normality of KMnO, solution. 7 *"? Equivalent weight 100 x (34/2) 


Now, equiv. of KMnO,= Nx V (L) =N xx x 10°. Putting 


Solution equivalents of H,O, and KMnO, equal, we get 
Suppose, mass of H,O, solution = 100 g, mass of H,O, x 

resent = x =Nxxx10” 
P a 10017 


Given that mass of H,O, solution taken = 1 g. So, 
or normality of H,SO,(N) =0.59 N 


Mass of H,O, present in 1 g solution = a 


https://telegram.me/unacademyplusdiscounts 


Chapter 2 | Mole Concept-ll 


Solved Example | 2-50 | 


50mL solution of H,O, was treated with excess KI(s) and 
the solution was acidified with acetic acid. The liberated 
iodine required 40 mL 0.5 M Na,S,O, solution for the end 
point using starch as indicator. Find the molarity and vol- 
ume strength of the H,O, solution. 


Solution 


Milliequiv. of H,O, in 50mL = Milliequiv. of hypo = 40 x 
0.5 = 20 milliequiv. 

Now, normality = 20/50 = 0.4 N and molarity = normality/ 
valence factor = 0.4/2 = 0.2 M 

Thus, volume strength = M x 11.2 =0.2 x 11.2=2.24g L" 


Solved Example | 2-511 | 


(a) Concentrated acid H,SO, has a density of 1.8 g mL 
and contains 49% acid by weight. Compute molarity 
of the solution. Also calculate the number of gram 
milliequiv. of H,SO, contained in 1 L solution. 

(b) What is the normality of a solution which is prepared 

by dissolving 100 mL of conc. H,SO, in part (a) in 

sufficient water to make 500 mL of solution? 

(c) If we take 50 mL sample of above solution [in part 
(b)], find number of millimoles and milliequivalents in 
the sample. 


Solution 
(a) Using the expression 
10x % Weight x Density 
M, 

Substituting given values %weight = 49, density = 
1.8 g mL" and molecular weight = 98, we have 
10x49 x1.8 

98 


To calculate gram milliequiv., it is better to calculate 
normality first. 


N = Valence factor xX M=2x9=18N 


Molarity = 


Molarity(M) = =9.0 M 


Percentage Labeling of Oleum 


where the valence factor = basicity of the acid = 2 for 
H,SO,. 

Therefore, gram milliequiv.= Nx V,=1x18=18 gram 
milliequiv. are contained in 1 L of given solution. 


(b) From part (a), we have N of H,SO, = 18. Then gram 
milliequiv. in 100 cm’ of conc. H,SO, is 
18.0 x 100 -18 
1000 


So, 1.8 gram milliequiv. of concentrated acid are to be 
added in water to make 500 mL solution 


Normality of required solution (N) = 
gram milliequiv. 18 _ 18 36 
V(L) 500/1000 ~° = 500/1000 ~~ 


(c) Milliequivalents = Normality x Volume (in mL) = 
Nx V,=3.6 x 50 = 180 milliequiv. 


Millimoles = Molarity x Volume (in mL) = M x V, = 
~ x 50 = 90 millimoles 

where molarity = normality/2 as H,SO, is a dibasic 
acid. 


Oleum (fuming H,SO,) acid contains SO, dissolved in H,SO,. When water is added to oleum, SO, reacts to form 


H,SO,, thus the mass of the solution increases. 


SO,(g)+ H,O(1) > H,SO, (aq) 


The % labeling of oleum is equal to total mass of H,SO, present in in oleum after diluting 100 g of sample with desired 


amount of water or 


%Labeling of oleum = Mass of H,SO, initially present + Mass of H,SO, produced on dilution 
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Solved Example | 2-52 | 


Calculate the composition of 109% oleum. 


Solution 


Let the mass of SO, in the sample be w g, then the mass of 
H,SO, would be (100 — w) g. On dilution, the reaction is 


SO,+H,O > H,SO, 
80g 18g 


Moles of SO, in oleum = ” = Moles of H,SO, formed 
after dilution. 80 


Therefore, mass of H,SO, formed on dilution = _ 


Total mass of H,SO, present in oleum after dilution 
98w 

= ——+(100-w) = 109 
a ) g 

Solving, we find that the oleum sample contains 40% SO, 


and 60% H,SO,. 


Solved Example | 2-53 | 


A sample of fuming sulphuric acid (oleum) contains 
H,SO,,SO,, SO,. For analysis, 2.0 g of sample was dissolved 
in water to make a 500 mL solution. For 50 mL of this solu- 
tion on titration (in presence of methyl orange), 45.0 mL 
of 0.1 N NaOH was used up. On other hand, for 100mL of 
the same solution, 2.0 mL of 0 1 N of iodine was consumed 
where I, is reduced to I ions, Determine the percentage 
composition of oleum sample. [Note that in presence of 
methyl orange, H,SO, is only half neutralized. ] 


Solution 


Let the mass of H,SO, = x g, mass of SO, = y g and mass 
of SO, = z g. So, we have 
xX+y+z=20 (1) 


In 50 mL sample, we have 


NaOH - 
SO, + H,O => H,SO, {Methyl oranse) U3 


Thus, from the reaction, we have 


Gram milliequiv. of NaOH = Gram milliequiv. of H,SO, 
+Gram milliequiv. of SO, 
+1/2 Gram milliequiv.of SO, 


Other Applications 


Substituting values, we get 


0.1x = -(4)x . (2) 
1000 10/ 98/2 \10 


LE Lf 2 1 
x ——+—=x|]| + |x—— (2) 
80/2 2 \10) 64/1 
In 100 mL sample, only SO, reacts with I, 
+4 +6 
I, +SO, >1 +SO7 
So, gram milliequiv. of I, = gram milliequiv. of SO, 
2 Zz 1 
x — =| = |x—— 
= 1000 (3) 64/2 @) 


Solving Eqs. (3), we get z =0.032 g. Now, substituting value 
of z in Eqs. (1) and (2), and solving, we get x = 1.028 g and 


y=0.94 g. 
Hence, the percentage composition is as follows: 
%H,SO, = a x 100 = 51.4% 
%SO, = x 100 = 47% 
%SO, = ee x 100 = 1.6% 


Redox reactions form the basis of many important chemical reactions with applications in diverse fields. Some important 


applications are listed as follows. 


1. In industrial manufacture of chemicals; Many compounds such as chlorine gas, sodium hydroxide, potassium 
hydroxide are produced on industrial scale by electrolysis that is based on redox reaction. 


2. In metallurgy: Metal oxides obtained by metallurgical processes are reduced to metals by suitable reducing agents 
through redox reactions. The reduction may be carried out in electrolytic cell as in case of ALO, or in blast furnace 


as in case of Fe,O,. 


Metal displacement reactions also find wide application in metallurgical process to obtain pure metals from 


their ores. In general, a metal can displace and reduce the ions of any of the metals which are below that metal in 
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the reactivity series. This property is used in the thermite reaction for preparing small quantities of metallic iron, 
wherein aluminium reduces iron(III) oxide to iron, thus becoming aluminium oxide in the process: 


2Al(s)+ Fe,O0;(s) > 2Fe(s)+ Al,O,(s) 


The Kroll process for preparing titanium is also based on the same property, wherein magnesium is used to extract 
titanium from titanium tetrachloride, forming magnesium chloride in the process: 


2 Mg(s)+ TiCl, (1) > Ti(s) + 2MgCl, (s) 


3. In photosynthesis: The photosynthesis reaction that converts carbon dioxide and water in green plants in the 
presence of chlorophyll and sunlight to glucose and oxygen is a redox reaction. Carbon dioxide is reduced to car- 
bohydrate and water is oxidized to oxygen. 


Chlorophyll 


6CO,(g) + 6H, 


C.H,,0,(aq) + 60, (g) 


4. In combustion of fuels: Fuels such as natural gas, petrol, kerosene, etc. are examples of hydrocarbons, that is, they 
contain hydrogen and carbon. When they are burnt in excess of air/oxygen, the products of combustion are carbon 
dioxide and water along with release of large amount of energy. 


CH, (g) + 20,(g) > CO, (g) + 2H,O(1) 


This is also an example of a redox reaction in which hydrocarbon is oxidized to CO, and oxygen is reduced to 
water. The oxidation of glucose in the living cells also proceeds similarly through a redox reaction. 


C,H,,O0,(aq) + 60,(g) > 6CO,(g) + 6H,O(]) 


5. In batteries and electrochemical cells: The electrode processes in batteries or electrochemical cells take place 
through redox reactions, between metal electrodes and metal salts as electrolytes. 

6. In quantitative estimations: Redox reactions form the basis of the titrations carried out for quantitative analysis 
of different species in solution. 


Solved Example | 2-54 | 


In the standardization of Na,S,O, using K,Cr,O, by iodom- Solution 


ohy, Me eaeyalivms oles (EEEE 200) (B) As this is a redox titration involving gain of electrons, 


(A) (molar mass)/2 equivalent mass = (molar mass)/number of electrons 
(B) (molar mass)/6 involved = (molar mass)/6. The reaction is 
(C) (molar mass)/3 Cr,O7 +14 H* +6e7 > 2Cr* +7H,O 


(D) same as molar mass 


Solved Example | 2-55 | 


All the iron in a 2.0 g sample of an iron ore was dissolved Solution 
in an acidic solution and converted to Fe**, which was 
then titrated with 0.1000 M KMnO, solution. In the titra- 
tion, the iron was oxidized to Fe**. The titration required Fe2* +MnO; > Fe?* +Mn?* 
2745 mL of the KMnO, solution to reach the end point. : 


(a) The skeleton equation for the reaction is 


(a) How many grams of iron were in the sample? Balancing it by the ion—electron method for acidic 


(b) What was the percentage of iron in the sample? solutions eives 


(c) If the iron was present in the sample as Fe,O,, what 5Fe* + MnO; +8H* > 5Fe** +Mn** +4H,O 
was the percentage by mass of Fe,O, in the sample? 
https://telegram.me/unacademyplusdiscounts 


The number of moles of KMnO, consumed in the 
reaction is calculated from the volume of the solu- 
tion used in the titration and its concentration. 
0.1000 mol KMnO, 

1.000 L KMnO, 
= 0.002745 mol KMnO, 


Next, we use the coefficients of the equation to cal- 
culate the number of moles of Fe™ that reacted. The 
chemical equation tells us five moles of Fe~* react per 
mole of MnO, consumed. 


0.02745 L KMnO, x 


5 mol Fe** 


0.02745 mol KMnO, x ———_—_—_—_— 
1 mol KMnO, 


= 0.01372 mol Fe** 


This is the number of moles of iron in the ore sample, 
so the mass of iron in the sample is 


55.845 g Fe 
ol Fe 


0.01372 mol Fe x = 0.7662 g Fe 


(b) Next we calculate the percentage of iron in the sample, 
which is the mass of iron divided by the mass of the 


sample, all multiplied by 100%. 


Mass of Fe 
Mass of the sample 


%Fe = 


x 100% 


2.9 | Applications of Redox Reactions 


Substituting gives 


0.7662 g Fe 
2.0 g sample 


%Fe = x 100% = 38.31% Fe 


(c) 


The chemical formula for the iron oxide gives us that 
1 mol Fe,O, = 2 mol Fe 


This provides the conversion factor for determining 
how many moles of Fe,O, were present in the sample. 
Working with the number of moles of Fe, we get 


1 mol Fe,O, 
2 mol Fe 


0.01372 mol Fe x = 0.006860 mol Fe,O, 


This is the number of moles of Fe,O, in the sample. 
The formula mass of Fe,O, is 159.69 g mol", so the 
mass of Fe,O, in the sample was 


159.69 g Fe,O, 


0.006860 mol Fe,O, x 
7 1 mol Fe,O, 


= 1.095 g Fe,O, 
Finally, the percentage of Fe,O, in the sample was 


1.095 g Fe,O, 


%Fe,O, = 
ae 2.0 g sample 


x 100% = 54.75% Fe,O, 


Thus, the sample contained 54.75% Fe,O,. 


Solved Example | 2-56 | 


A 15.00 mL sample of a solution containing oxalic acid, 
H,C,O,, was titrated with 0.02 M KMnO,. The titration 
required 18.30 mL of the KMnO, solution. What was the 
molarity of the H,C,O, solution? In the reaction, oxalate 
ion (C,O7,) is oxidized to CO, and MnO; is reduced to 
Mn”. 
Solution 
First we need a balanced equation: 

C,07 > CO, > CO, 

MnO; > Mn** > Mn* 
Balance the atoms 

C,07 > CO, > 2C0, 


8H* +MnO; > Mn?* +4H,O 


Balance the charges 
C,O7 > CO, +2e7 
5e +8H* +MnO; > Mn* +4H,O 
Add the reactions together 
5C,O7 +16H* +2MnO; > 10CO, + 2Mn** +8H,O 
1 0.02000 _ 5 
x 


x 
1000 1 2 
= 0.0009150 mol of C,O7> 


Moles of C,O7 = 18.30x 


0.0009150 1000 1 


H,C,O,]= x x — = 0.06100 M 
PCs) 15.00 11 
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Solved Example | 2-57 | 


A sample of a tin ore weighing 0.3 g was dissolved in an 

acid solution and all the tin in the sample was changed to 

tin(II). In a titration, 8.08 mL of 0.05 M KMnO, solution 

was required to oxidize the tin(II) to tin(IV). 

(a) What is the balanced equation for the reaction in the 
titration? 

(b) How many grams of tin were in the sample? 

(c) What was the percentage by mass of tin in the sample? 

(d) Ifthe tin in the sample had been present in the com- 
pound SnO,, what would have been the percentage 
by mass of SnO, in the sample? 


Solution 
(a) (Sn* > Sn*+2e) x5 


(MnO;+ 8H* + Se > Mn* + 4H,O) x2 
5Sn* +2MnO; + 16H* — SSn* +2Mn* + 8H,O 


0.0500 | 1 5 1. 118.71 


(b) Sn=8.08 x xxx = 0.120 g 
1000 1 2 1 1 
Co) % Sn e160 40,0% Sn 
0.300 
(d) SnO, = 8.08 x ey x : x 2 x u x oe = 0.152 g 
1000 1 2 1 1 
% Sno, = o>? x 100 = 50.7% SnO, 


0.300 


Solved Example | 2-58 | 


A solution of 0.2 g of a compound containing cupric and 
oxalate ions on titration with 0.02 M potassium permanga- 
nate in presence of sulphuric acid consumes 22.6 mL of the 
oxidant. The resultant solution is neutralized with sodium 
carbonate, acidified with dilute acetic acid and treated with 
excess of KI. The iodine liberated required 11.3 mL of 0.05 M 
sodium thiosulphate solution for complete reduction. Find 
the mole ratio of two ions. Also write down the balanced 
redox reaction involved in the above titrations. 


Solution 


Cu* ion cannot be oxidized, so only C,O7 will be oxidized 
by KMnO,,. 


5C,0,+ 2Mn+ 16H* — 2Mn”* +10CO, +8H,O 


2 millimoles of MnO; =5 millimoles of C,O7 ions =0.02 x 
22.6 millimoles of oxalate ions 


From the following reactions, we have 


Cu** + KI > Cu* (not Cu’) 
2Cu* +21" > I, +2Cu* 
I, +S,O7 > 21° +S8,027° 


2 millimoles of S,O7 = 1 millimole of I, 


or (0.05 x 11.3) millimole $,O7 = 1/2 (0.05 x 11.3) milli- 
moles of I, = 0.2825 millimoles of I, 


Also, 1 millimoles of I, =2 millimoles of Cu* 


0.2825 millimoles of I, = 2 x 0.2825 millimoles of Cu* = 
0.565 millimoles of Cu* 

CO; . 113 -9 

Cu* — 0.565 


So, the mole ratio of 


Solved Example | 2-59 | 


Find the amount of iron pyrites (FeS,) which is sufficient 


to produce enough SO, on roasting (hearing in excess of 


O,) such that it (SO,) completely decolorize a solution of 
KMn0O, containing 15.8 g L™ of it. 
The equation are as follows: 


FeS, +O, > Fe,O, +SO, 


and KMnO, +SO, > H,SO,+KHSO, 


Solution 


First, calculation the amount of SO, required to decolorize 
15.8 g L' of KMnO, solution. For this, we need to balance 
the following chemical reaction. 


KMnO, +SO, > H,SO, + KHSO, 
Writing the half reactions involving ions, we get 
+7 +4 +6 +6 
KMnO,+SO, > KHSO,+H, SO, 
| 


2e oxidation 
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There is decrease in oxidation state in S from +4 to 
+6, so there is decrease in oxidation state of Mn from +7 
to +2. The half reactions are 


+4 +6 +6 
(SO, > SO7 +H SO; +2e7)x5 
+7 
(Mn+ 5e — Mn**)x2 


Adding the two equations, we get 
+7 +4 +6 
2Mn+5SO, > 5SO7 +5HSO; +2Mn* 


To balance the number of S atoms, we can write 
2Mn* + 2SO7;7 as 2MnSO,. Now, comparing with the 
unbalanced molecular equation and balancing the number 
of S atoms, we have 


2KMnO, +5SO, > H,SO, +2KHSO, +2MnSO, 


Now, to balance the number of H and O atoms, we 
add 2H,O on the left to get the balanced equation as 


2KMnO, + 5SO, +2H,O > H,SO, +2KHSO, +2MnSO, 


Now, from the stoichometry of balanced equation, we 
have: 
2 mol of KMnO, =5 mol of SO, 


Telegram @unacademyplusdiscounts 
Solved Objective Questions from Previous Year Papers 
The number of moles in 15.8 g L™ of KMnO, is: 


Given weight — 15.8 
Molecular weight 158 


= 0.1 mol 


This means 1.0 L of KMnO, contains 0.1 mol 
Hence, moles of SO, required = >(0.1 = 0.25 mol 


Now, to calculate the amount of pyrites, we have to 


balance the reaction 


FeS, +O, > Fe,O,+SO, 


Now, writing oxidation states, we get 


+2 43 +4 
FeS, +O, > Fe,0,+S0, 
L J 


2xe =2e (oxidation) 
Balancing the number of S and O atoms, we get 
4FeS, +120, > 2Fe,0, + 8SO, 


8 mol of SO, = 4 moles of FeS, 
0.25 mol of SO, = =x (0.25) mol of FeS, = 0.125 mol 


of FeS, 


Therefore, mass of FeS, = 0.125 x (2 x 32 + 56 = 120) 


=15¢. 


SOLVED OBJECTIVE QUESTIONS FROM PREVIOUS YEAR PAPERS 


1. When I is oxidized by MnO, in alkaline medium, I con- 


verts into (IIT-JEE 2004) 
(A) 10, (B) I, 

(C) IO, (D) IO- 

Solution 


(A) The reactions involved are 


2KMnO, +2KOH > 2K,MnO, +H,O+0O 
2K,MnO, +2H,O > 2MnO, + 4KOH + 20 


2KMnO, + H,O > 2MnO, + 2KOH +3[O] 
KI+[O]—> KIO, 


2KMnO, + KI+H,O > 2KOH + 2Mn0O, + KIO, 


2. Which of the following is not oxidized by O,? 


(IIT-JEE 2005) 
(A) KI (B) KMnO, 
(C) K,MnO, (D) FeSO, 
Solution 


(B) KMn0O, is not oxidized by O, because Mn in KMnO, 
is in its maximum possible oxidation state (i.e. +6). It 
cannot increase its oxidation state beyond that. 


3. Match the extraction processes with metals 


(IIT-JEE 2006) 
Column | Column II 
(A) Self reduction (p) Lead 
(B) Carbon reduction (q) Silver 
(C) Complex formation and (r) Copper 
displacement by metal 
(D) Decomposition of iodide (s) Boron 


Solution 
A > (p,r);B > (p,r); C > (q); D >(s) 
(A) Self reduction: PbS + 2PbO — 3Pb + SO, and Cu,S + 


2Cu,O0 — 6Cu + SO, 

(B) Carbon reduction: PbO + C > Pb + CO and 2Cu0O + C 
> 2Cu+CO 

(C) Complex formation and displacement by metal: Ag,S + 
4NaCN > 2Na[Ag(CN),] + Na,S and 2Na[Ag(CN),] + 
Zn > 2Ag + Na,[Zn(CN),] 

(D) Decomposition of iodide: 
BI, (heated under red hot tungsten) > B + 3I (iodide) 
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4. Consider a titration of potassium dichromate solution with 
acidified Mohr’s salt solution using diphenylamine as indica- 
tor. The number of moles of Mohr’s salt required per mole 


of dichromate is (IT-JEE 2007) 
(A) 3 (B) 4 

(C) 5 (D) 6 

Solution 


(D) The skeletal ionic equation is 


Cr,0, + Fe** > Fe** + Cr* 
First, calculate the oxidation number of Cr 


2x +7(-2) =-2 > 2x-14=-2 > x =46 


Oxidation number 
increases by 
1 unit (oxidation) 


+6 0 2 2+ 
Crg07 +Fe ____. Fe" acr 
l | 
Oxidation number 
decreases by 
3 units (reduction) 


In Cr,O,, the decrease in oxidation number is by 3 
units per atom and since 2 atoms of chromium are 
involved so the total decrease is 3 x 2=6. 


Cr,O, + 6e >Cr* 
(Fe** > Fe** +e) x6 


We need to multiply this equation by 6. So the n factor 
for Cr,O, = 6 and for Fe** = 1. Thus, to reduce 1 mol of 
dichromate, 6 mol of Fe” is required. 


5. Match the reaction with the type of reaction/nature of product 


Column | 
(A) O; 30, +07 
(B) CrO?- +H* > 


Column II 


(p) Redox reaction 


(q) One of the products has 
trigonal planar structure. 

(C) MnO; +NO;>+H*— _ (r) Dimeric bridged 
tetrahedral metal ion. 


(D) NO; +H,SO, + Fe** > (s) Disproportionation 


(1IT-JEE 2007) 
Solution 
A - (p,s);B > (1); C > (p,q); D > (p) 
(A) Consider the reaction O; > O, + OF 


This is a redox reaction and to be more specific this is 
a disproportion reaction because in this case, both the 
oxidation number of oxygen (from —1 to 0 and —2) is 
increasing as well as decreasing at the same time. 


om 
(7 
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(B) The chromate ion has tetrahedral structure in which 
four atoms are around chromium atom and are ori- 
ented in tetrahedral arrangement. 


oO e 


Cr 
7 || 
Oo O 


The dichromate ion consists of two tetrahedral units 
sharing one corner with Cr—-O-Cr bond angle of 126°. 


Q= 
Cr,0 7 


ia 
owe: 
Cr , Cr 2163 pm 
Oo / 126 \>o 
O O 
(C) This reaction is also a redox reaction, since both reduc- 


tion and oxidation are involved and also the product 
formed, that is, NO; has a trigonal planar structure. 


2MnO | SNO, + 6H* >Mn* + 3H,O +5NO- 


(D) This reaction is also a redox reaction since both reduc- 
tion and oxidation are involved. 


6. The oxidation number of Mn in the product of alkaline 
oxidative fusion of MnO, is (IIT-JEE 2009) 


Solution 


(6) 2MnO, +4KOH +0, > 2K,MnO,+2H,O 
Potassium 
manganate 


Let the oxidation number of Mn be x, then we have 
2(+1)+x+4(-2)=052+x-8=0 
x-6=0>x=+46 


7. Among the following, the number of elements showing 
only one non-zero oxidation state is 


O, CLEN, P, Sn, Tl, Na, Ti (IIT-JEE 2010) 


Solution 


(2) Fand Na show only one non-zero oxidation state. 


8. The value of 1 in the molecular formula Be,ALSi,O,, is 
(IIT-JEE 2010) 


Solution 


(3) According to the charge balance in a molecule, 2n + 
2 x (+3) + 6 x (+4) + 18 x (-2) =0 > =3.Thus, the 
formula becomes Be,A1,Si,O,, (beryl). 


9. The difference in the oxidation number of the two types of 
sulphur atoms in Na,S,O, is (IIT-JEE 2011) 


https://telegram.me/unacademyplusdiscounts 


Solution 


(5) S* are in 0 oxidation state and S are in +5 oxidation 
state. Their difference is 5. 


O O 
| 
NatO- — S*§ — §*— S*— S— O- 
I | 
O 


10. Reaction of Br, with Na,CO, in aqueous solution gives sodium 
bromide and sodium bromate with evolution of CO, gas. The 
number of sodium bromide molecules involved in the bal- 
anced chemical equation is (IIT-JEE 2011) 


Solution 
(5) The balanced chemical equation is: 
3Na,CO, + 3Br, ~5NaBr + NaBrO, + 3CO, 


11. The reaction of white phosphorus with aqueous NaOH 
gives phosphine along with another phosphorus containing 
compound. The reaction type; the oxidation states of phos- 
phorus in phosphine and the other product are, respectively, 
(A) redox reaction; —3 and —5 
(B) redox reaction; +3 and +5 
(C) disproportionation reaction; —3 and +1 
(D) disproportionation reaction; —3 and +3 

(IIT-JEE 2012) 
Solution 


(C) According to the reaction 
P, + NaOH + 3H,O —> PH, + 3NaH,PO, 
Oxidation state of phosphorus in P, is zero while in 
PH, it is —3 and in NaH,PO,, it is +1. This shows that 
this is a type of disproportionation reaction because 
there is an increase as well as decrease in the oxidation 
state of phosphorus. 


12. For the reaction 


IT +ClO, +H,SO, > Cl +HSO, +1, 


The correct statements(s) in the balanced equation is/are 
(A) stoichiometric coefficient of HSO, is 6. 

(B) iodide is oxidized. 

(C) sulphur is reduced. 

(D) H,O is one of the products. 


(JEE Advanced 2014) 
Solution 
(A), (B), (D) The correct balanced equation is 
61 +6ClO; +6H,SO, > Cl +6HSO; +31, +3H,O 


Since I is getting converted into I,, hence it is getting 
oxidized. The stoichiometric coefficient of HSO, is 6 
and H,O is one of the products. 


13. Consider the following list of reagents: 
Acidified K,Cr,O,, alkaline KMnO,, CuSO,, H,O,, 
CL,, O,, FeCl,, HNO,, and Na,S,O,. 


14. 


15. 


16. 


17. 


18. 
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The total number of reagents that can oxidize aque- 
ous iodide to iodine is (JEE Advanced 2014) 


Solution 


(7) The reactions involved are 
K,Cr,0,+ +H > L 
H,0O,+T >], CL+I >], 

FeCl, +T 3 L HNO,+T 71, 
Apart from this ozone also oxidizes aqueous iodide 
to liberate iodine gas. So in all there are seven such 
reagents. 


CuSO,+T > 1, 


Hydrogen peroxide in its reaction with KIO, and NH,OH 
respectively, is acting as a 
(A) reducing agent, oxidizing agent 
(B) reducing agent, reducing agent 
(C) oxidizing agent, oxidizing agent 
(D) oxidizing agent, reducing agent 
(JEE Advanced 2014) 


Solution 


(A) The reactions involved are 
H,O, + KIO, > KIO, + H,O +O, (Reducing agent) 
H,0, + NH,JOH ~ H,O+N,0, (Oxidizing agent) 


Excess of KI reacts with CuSO, solution and then Na,S,O, 
solution is added to it. Which of the statements is incorrect 
for this reaction? (AIEEE 2004) 
(A) CuLL, is reduced (B) Evolved I, is reduced 
(C) Na,S,O, is oxidized (D) Cul, is formed 


Solution 


(D) Cul, is formed as 
2CuSO,+ 4KI — 2K,SO, + Cul, +1, 


(excess) 
Among the properties (1) reducing (II) oxidizing (III) com- 
plexing, the set of properties shown by CN ion towards 


metal species is (AIEEE 2004) 
(A) LII (B) 1,0, 1 

(C) TI,1 (D) II, UI 

Solution 


(C) It is oxidizing as N is in highest oxidation state of +5; 
and CN is complexing as it forms bidentate com- 
plexes with binding sites C and N. 


To neutralize completely 20 mL of 0.1 M aqueous solu- 
tion of phosphorous acid (H,PO,), the volume of 0.1 molal 


aqueous KOH solution required is (AIEEE 2004) 
(A) 10 mL (B) 60 mL 
(C) 40 mL (D) 20 mL 
Solution 
(C) Using the molarity equation, we get 
n,XM,xV,=n,xM,xV,, 
2x0.1x20=1x0.1xV, 3 V; = a = 40 mL 


Which of the following chemical reactions depicts the oxi- 
dizing behavior of H,SO,? (AIEEE 2006) 
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(A) 2HI+H,SO, > I, 
(B) Ca(OH),+H,SO, > CaSO,+2H,O 

(C) NaCl +H,SO, > NaHSO,+ HCl 

(D) 2PCI,+ H,SO, — 2POCI,+2HCI + SO,Cl, 


Solution 

(A) 2HI+H,SO, > 1, +SO,+2H,O 
On left hand side, oxidation state of sulphur = 6 
On right hand side, oxidation state of sulphur = 4 
There is a decrease of oxidation state of sulphur from 
+6 in sulphuric acid to +4 in sulphur dioxide. It means 


that H,SO, is reduced and iodide ions are oxidized to 
iodine by conc. H,SO,. 


19. What products are expected from the disproportionation 
reaction of hypochlorous acid? (AIEEE 2006) 
(A) HClO, and ClO (B) HCIO, and HCIO, 
(C) HCl and CLO (D) HCl and HCIO, 


Solution 


(D) Exchange of chlorine atoms of reactants occurs during 
the reaction. 


2ClO, + HOC1+H,O > 3H* + 2C10; + 3Cl- 


20. Amount of oxalic acid present in a solution can be deter- 
mined by its titration with KMnO, solution in the presence of 
H,SO,. The titration gives unsatisfactory result when carried 
out in the presence of HCl, because HCl 
(A) gets oxidized by oxalic acid to chlorine. 

(B) furnishes H™ ions in addition to those from oxalic acid. 

(C) reduces permanganate to Mn. 

(D) oxidizes oxalic acid to carbon dioxide and water. 
(AIEEE 2008) 


Solution 
(C) MnO; gets easily reduced to Mn” in the presence of 
HCl, hence is not used. 


21. Experimentally it was found that a metal oxide has for- 
mula M,,,O. Metal M, is present as M** and M™ in its oxide. 
Fraction of the metal which exists as M** would be 


(A) 4.08% (B) 6.05% 
(C) 5.08% (D) 701% 

(JEE Main 2013) 
Solution 


(A) Given, metal oxide = M,,,O. If x ions of M are in +3 
state, then 3x + (0.98 -x)x2=2 => x =0.04. 
So, the percentage of metal in +3 state would be 


0.04 100 = 4.08% 
0.98 


22. Consider the following reaction 
xMnO, +yC,O7 +zH* > xMn** +2yCO, +4H,O 


The values of x, y and z in the reaction are, respectively 
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(A) 2,5 and 8 (B) 2,5 and 16 
(C) 5,2 and8 (D) 5,2 and 16 

(JEE Main 2013) 
Solution 


(B) The balanced equation is 
2MnO; +5C,O7 +16H* > 2Mn** +10CO, +8H,O 
Hence, x = 2, y=5,z=16 


23. In which of the following reactions H,O, acts as a reducing 


agent? 
(i) H,O, +2H* +2e + 2H,O 
(ii) H,O, -2e >O,+2H* 
(iii) H,O, +2e° > 20H" 
(iv) H,O, +20H -—2e 4 O,+2H,0 


(A) (i), (ai) (B) (iti), (iv) 
(C) (i), (ati) (D) (ii), Gv) 
(JEE Main 2014) 


Solution 


(D) The oxidation states of the species are as follows: 
2 


-1 
(i) H,O,+2H*+2e +2H,O 

-1 0 

(ii) H,O,-2e >~0O,+2H* 
-1 -2 

(iii) H,O,+2e ~20H™ 
=i 29) 0 2 

(iv) H,O,+2O0H -—2e 40O,+2H,O 

In (ii) and (iv) H,O, acts as a reducing agent as it 


loses electrons to reduces the other species and itself 
undergoes oxidation. 


24. From the following statements regarding H,O,, choose the 


incorrect statement: 

(A) It decomposes on exposure to light. 

(B) It has to be stored in plastic or wax lined glass bottles 
in dark. 

(C) It has to be kept away from dust. 

(D) It can act only as an oxidizing agent. 


(JEE Main 2015) 


Solution 


(D) The oxidation state of oxygen in H,O, is -1 (perox- 
ide). So, oxygen can increase and decrease its oxida- 
tion number which means it can act as a reducing as 
well as an oxidizing agent. 
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Review Questions 


REVIEW QUESTIONS 


1. 


Consider the following species: CL, Cl, ClO’, ClO, , ClO, , 
and ClO;. What is the oxidation number of Cl atom in each 
species? 


. If you wanted to chrome plate a set of motorcycle exhaust 


pipes, should you be concerned that Cu” ions were also 
present, along with Cr™ ions, in the electroplating bath? 


MnO; undergoes disproportionation reaction in acidic 
medium but MnO; does not. Give reason. 


4. What is spectator ion? Give one example. 


12. 


13. 
14. 


15. 


16. 


. Consider the equation illustrating the decomposition of 


hydrogen peroxide: 
2H,0, (aq) + 2H,O(1) + O,(g) 


What has been oxidized and what has been reduced? 


. Consider the following set of reactions 


N,O, + 2NaHCO, — 2NaNO, +2CO, +H,O 
KCIO, + 3HNO, > KCl +3HNO, 


Identify which of the reactions is a redox reaction and the 
compounds that are oxidized and reduced. 


. Define oxidation and reduction in terms of (a) electron 


transfer and (b) oxidation numbers. 


. How would you identify the oxidizing agent and reducing 


agent in a given reaction in terms of oxidation number? 


. Show that the formation of sodium chloride from gaseous 


sodium and gaseous chlorine is a redox reaction. 


. What are the maximum and minimum oxidation numbers 


of N,S and Cl? 


- Calculate the oxidation number of sulphur, chromium and 


nitrogen in H,SO,, Cr,O7” and NO}. Suggest structure of 
these compounds. 


What sorts of information can you draw from the following 
reaction? 


(CN),(g) + 20H — CN“ (aq) + CNO (aq) + H,O(1) 


Why is “loss of electrons” described as oxidation? 


Laundry bleach is a dilute solution of sodium hypochlo- 
rite, NaOCl. Write a balanced net ionic equation for the 
reaction of NaOCl with Na,S,O,. The OCT is reduced to 
chloride ion and the $,O,” is oxidized to sulfate ion. 


Use Table 2.2 to predict the outcome of the following reac- 
tions. If no reaction occurs, write N.R. If a reaction occurs, 
write a balanced chemical equation for it. 

(A) Fe + Mg”* > (B) Cr+ Pb* > 

(C) Ag*+Fe > (D) Ag+ Au* > 

It is observed that when magnesium metal is dipped into 
a solution of nickel(II) chloride, some of the magnesium 
dissolves and nickel metal is deposited on the surface of 
the magnesium. Which of the following reactions will occur 
spontaneously? Explain the reason for your answer. 


17. 


18. 


19. 


20. 
21. 


22. 


23. 


24. 


25. 


26. 
27. 


(A) 2Mo* + 3Mg > 3Me* + 2Mo 

(B) 2Mo + 3Mg* > 2Mo* + 3Mg 

The following chemical reactions are observed to occur in 
aqueous solution. 


2AI+3Cu™* > 2AT** +3Cu 
2AI1+ 3Fe* > 3Fe + 2AI** 
Pb** + Fe > Pb+ Fe” 

Fe + Cu”* > Fe** + Cu 
2A1+3Pb** > 3Pb+2AI** 
Pb+Cu** > Pb** +Cu 


A solution contains Ce(SO,); at a concentration of 
0.0150 M. It was found that in a titration, 25.00 mL of 
this solution reacted completely with 23.44 mL of 0.032 
M FeSO, solution. The reaction gave Fe** as a product in 
the solution. In this reaction, what is the final oxidation 
state of the Ce? 


Organic chemists often think about oxidation in terms 
of the loss of a pair of hydrogen atoms. Ethyl alcohol, 
CH,CH,OH, is oxidized to acetaldehyde CH,CHO, for 
example, by removing a pair of hydrogen atoms. Show 
that this reaction obeys the general rule that oxidation 
is any process in which the oxidation number of an atom 
increases. 


Differentiate between valency and oxidation number. 


Give proper reasoning for the following 

(A) An acidified potassium dichromate paper on being 
exposed to sulphur dioxide turns green. 

(B) Iodide salts liberate iodine on addition of Cl, water. 

(C) HgCl, and SnCl, cannot exist as such if present 
together in an aqueous solution. 


The color of KI solution containing starch turns blue when 
it is shaken with cold Cl, water. Explain why? 


Though alkaline potassium permanganate and _ acidic 
potassium permanganate both are used as oxidants, yet in 
the manufacture of benzoic acid from toluene we use alco- 
holic potassium permanganate as an oxidant. Why? Write a 
balanced redox equation for the reaction. 


Chlorine is used to purify drinking water. Excess of chlo- 
rine is harmful. The excess of chlorine is removed by treat- 
ing with sulphur dioxide. Present a balanced equation for 
this redox change taking place in water. 


Give the balanced equations for the reactions that form 

the basis for the following redox titrations 

(A) Titration of potassium permanganate for estimation 
of ferrous ions. 

(B) Titration of iodine against sodium thiosulphate (iodi- 
metric titration). 

(C) Iodometric titration for estimation of cupric ions. 


Define equivalent weight of an oxidizing/reducing agent. 


Given the following S,O7 (aq) > SO? (aq) , how many H* 
ions, and on which side of the — are required to balance 
the half reaction? 
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28. Identify the oxidants and reductants in the following 

reactions. 

(A) CH,(g) + 4ClL,(g) > CCl, (g) + 4HCl 

(B) 2H*(aq)+MnO,(s)+C,H,O, > 

Mn’**(aq) + 2CO,(g) + 2H,O(1) 

(C) L,(aq) + 28,05 (aq) > 21 (aq) + S,O¢ (aq) 

(D) Cl,(g) + 2Br (aq) > 2CI (aq) + Br, (aq) 
29. What are half reactions? Explain with examples. 
30. 


31. Balance the following equations in an acidic medium by 
both oxidation number and ion electron methods and iden- 
tify the oxidants and reductants: 


(A) Bi(s) + NO}(aq) > Bi**(aq) + NO,(g) 

(B) H,S(g) + Fe**(aq) > Fe** + S(s) + H*(aq) 

(C) S(s)+ HNO, (aq) — SO,(g) + NO,(g) + H,0(1) 

(D) As(s)+NO;(aq)+H*(aq) AsO; (aq)+ NO, (g)+H,O() 
Identify the substances oxidized and reduced and the oxo- 


dizing and reducing agents in the reaction of (a) sodium 
with O,; (b) aluminium with chlorine. 


H,O, acts as reductant as well as oxidant. Explain. 


32. 


33. 


34. 


35. 


36. 
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Balance equations for these reactions occurring in a basic 
solution. 

(A) CrO? + S* > $+ CrO; 

(B) MnO; +C,O7 > CO,+ MnO, 

(C) ClO; +N,H, > NO+Cr 


What is the oxidation state of Cl in (a) HCIO,, (b) Ba(Cl,),, 
(c) CrO,CL, and (d) Cl,0,? 


Indicate the species which are oxidized and reduced in the 
following reactions. 


(A) CN” +OCIl > N, + HCO; +Cl 
(B) C,H;OH+0O, > CO,+H,0+0, 
(C) +0, 30, +1, 

(D) S,OF + Cl, > HSO;+Cl 

(E) C+ZnO > Zn+CO 


What is implied by the statement “oleum is labeled 109 % 
H,,SO,”? 


NUMERICAL PROBLEMS 


1. 0.5 g of sample containing MnO, is treated with HCl, lib- 
erating Cl,. The Cl, is passed into a solution of KI and 
30.0 cm? of 0.1 M Na,S,O, are required to titrate the liber- 
ated iodine. Calculate the percentage of MnO, in sample 
(atomic weight of Mn =55 u). 


2. The neutralization of a solution of 1.2 g of mixture of 
H,C,0,:2H,O and KHC,O,:H,O and some impurities 
which are neutral, consumed 40.0 mL 0.25 N NaOH. On 
the other hand, on titration with KMnO,, for a 0.4 g of mix- 
ture required 40.0 mL of 0.125 N KMnO., Find the percent- 
age composition of mixture. 


3. Iodate ion reacts with sulfite ion to give sulfate ion and 
iodide ion. 
(A) Write a balanced net ionic equation for the reaction. 
(B) How many grams of sodium sulfite are needed to react 
with 5.00 g of sodium iodate? 


4. An organic compound contains carbon, hydrogen, and 
sulfur. A sample of it with a mass of 1.045 g was burned 
in oxygen to give gaseous CO,, H,O, and SO,. These gases 
were passed through 500.0 mL of an acidified 0.0200 M 
KMnO, solution, which caused the SO, to be oxidized to 
SO;. Only part of the available KMnO, was reduced to 
Mn”. Next, 50.00 mL of 0.0300 M SnCl, was added to a 
50.00 mL portion of this solution, which still contained 
unreduced KMnO,. There was more than enough added 
SnCl, to cause all of the remaining MnO, in the 50 mL 
portion to be reduced to Mn”. The excess Sn” that still 
remained after the reaction was then titrated with 0.0100 M 
KMn0O,, requiring 2728 mL of the KMnO, solution to 
reach the end point. What was the percentage of sulfur in 


10. 


11. 


the original sample of the organic compound that had been 
burned? 


- How many mL of 0.05 M KMnO, is required to oxidize 2.0 g 


of FeSO, in dilute solution? 


- Metallic tin in presence of HCl is oxidized by K,Cr,O, to 


stannic chloride. What volume of decinormal dichromate 
solution will be reduced by 1g of tin? (Atomic weight of 
Sn = 118.7) 


. If 2.68 x 10° mol of a solution containing an ion A™ require 


1.61 x 10° moles of MnO; for the oxidation of A** to AO; 
in acid medium, what is the value of n? 


. Both Cr,O7 (aq) and MnO;(aq) can be used to titrate 


Fe**(aq). If in a given titration, 24.50 cm* of 0.1 M Cr,O7 
were used, then what volume of 0.1 M MnO; solution 
would have been used for the same titration? 


. Ceric ammonium sulphate and potassium permanganate 


are used as oxidizing agents in the acidic medium for oxi- 
dation of ferrous ammonium sulphate to ferric sulphate. 
What is the ratio of the number of moles of cerium ammo- 
nium sulphate required per mole of ferrous ammonium 
sulphate to the number of moles of KMnO, required per 
mole of ferrous ammonium sulphate? 


What is the number of moles of MnO, required to oxidize 
one mole of ferrous oxalate completely in acidic medium? 


An impure sample of sodium oxalate (Na,C,O,) weighing 
0.20 g is dissolved in aqueous solution of H,SO, and solu- 
tion is titrated at 70°C, requiring 45 mL of 0.02 M KMnO, 
solution. The end point is over-run, and back titration is 
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12. 


13. 


14. 


15. 


16. 


carried out with 10 mL of 0.1 M oxalic acid solution. Find 
the % purity of Na,C,O, in sample. 


A mixture of FeO and Fe,O, is completely reacted with 
100mL of 0.25 M acidified KMnO, solution. The resultant 
solution was then titrated with Zn dust, which converted 
Fe* of the solution to Fe. The Fe” required 1000 mL of 
0.10 M K,Cr,O, solution. Find out the mass % Fe,O, in the 
mixture. 


A 150mL of solution of I, is divided into two unequal parts. 
First part reacts with hypo solution in acidic medium. 15 mL 
of 0.4M hypo was consumed. Second part was added with 
100mL of 0.3M NaOH solution. Residual base required 
10mL of 0.3M H,C,O, solution for complete neutraliza- 
tion. What was the initial concentration of I,? 


One gram of a sample of CaCO, was strongly heated and 
the CO, liberated was absorbed in 100 mL of 0.5 M NaOH. 
Assuming 90% purity for the sample, how much mL of 
0.5 M HCl would be required to react with the solution 
of the alkali and NaCO, to reach the phenolphthalein end 
point? 


The concentration of bivalent lead ions in a sample of pol- 
luted water that also contains nitrate ions is determined by 
adding solid sodium sulphate (M,, = 142 g mol’) to exactly 
500mL of water. Calculate the molarity of lead ions if 
0.355 g of sodium sulphate was needed for complete pre- 
cipitation of lead ions as sulphate. 


One liter of a mixture of O, and O, at NTP were allowed to 
react with an excess of acidified solution of KI. The iodine 
liberated required 40mL of M/10 sodium thiosulphate 
solution for titration. Knowing that ultraviolet radiations 
of wavelength 300nm can decompose ozone and assuming 
that one photon can decompose one molecule of ozone, 
what is the number of photons required for the complete 
decomposition of ozone in the original mixture? 


17. 


18. 


19. 


20. 


21. 
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Additional Objective Questions 


Gastric juice contains about 3.0 g of HCI per liter. If a per- 
son produces about 2.5 L of gastric juice per day, how many 
antacid tablets each containing 400 mg of Al(OH), are 
needed to neutralize all the HCl produced in one day? 


20 mL of a solution containing 0.2g of impure sample of 
HO, reacts with 0.316 g of KMnO, in presence of H,SO, as 
per following reaction. 


KMnO, + H,O, + H,SO, > MnSO, + 0, + H,O 


(A) Find the purity of H,O, solution 
(B) Calculate the volume of dry oxygen evolved at 27°C 
and at 750 mm Hg. 


Borax in water gives: 
B,O; +7H,O > 4H,BO, +20H™ 


How many grams of borax (Na,B,O,-10H,O) are 

required to: 

(A) Prepare 50mL of 0.2M solution 

(B) Neutralize 25 mL of 0.1934 M of MCI and H,SO, 
separately 


Consider 2.36g of sample of dolomite containing only 
CaCO, and MgCO, to be dissolved in 700mL of 0.1N 
HCl. The solution was diluted to 2.5L, 25mL of this solu- 
tion required 20mL of 0.01 N NaOH solution for complete 
neutralization. Find the percentage composition of the ore. 


When 12.49 g of a sample of pure BaCO, and impure 
CaCO, containing some CaO was treated with dil. HCI, it 
evolved 168 mL of CO, at NTP. From this solution, BaCrO, 
was precipitated, filtered and washed. The precipitate was 
dissolved in dilute sulphuric acid and diluted to 100 mL. 
When 10 mL of this solution was treated with KI solution, 
iodine was liberated which required exactly 20 mL of 0.5 N 
Na,S,O,. Calculate the percentage of CaO in the sample. 


ADDITIONAL OBJECTIVE QUESTIONS 


Single Correct Choice Type 


1. 


In the reaction, Na,S,O, + I, > Na,S,O,+ Nal (not balanced), 
which of the following is/are true? 
(1) Na,S,O, is a reducing agent. 

(II) Iodine is an oxidizing agent. 
(II) It is an example of intermolecular redox reaction. 
(IV) In Na,S,O, the average oxidation state of S is (+5/2) 
(A) LU, IV (B) I, II 
(C) LU, Hl (D) 1, II, II, TV 


. The number of electrons involved in the reduction of 


nitrate ion (NO;) to hydrazine (N,H,) is 
(A) 8 (B) 7 
{(C) 5 (D) 3 


. SO, under atmospheric condition changes to SO*. If oxi- 


dation number of S in is + 6, what is the value of x in SO?-? 
(A) 1 (B) 2 
(C) 3 (D) 4 


4. 


NalO, reacts with NaHSO, according to equation: 
10; + 3HSO; > I +3H* +3SO7. The weight of NaHSO, 
required to react with 100 mL of solution containing 0.66 g 
of NaIO, is 


(A) 5.28 (B) 4.57 
(C) 23¢ (D) 10.48, 
. In the reaction 41 + Hge** > Hel, 1 mol each of He” and 
T will form 
(A) 1 mol (B) 0.5 mol 
(C) 0.25 mol (D) 2 mol 


- A 0.46 g sample of As,O, required 25.0 ml of KMnO, solu- 


tion for its titration. The molarity of KMnO, solution is 
(A) 0.016 (B) 0.064 
(C) 0.032 (D) 0.128 
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7. Number of moles of K,Cr,O, reduced by 1 mole of Sn” is 
(A) 1/3 (B) 1/6 
(C) 2/3 (D) 1 


8. Equivalent weight of H,PO, (mol. wt.=M) when it dispro- 
portionates into PH, and H,PO, is 
(A) M (B) M/2 
(C) M/4 (D) 3M/4 


9. Amongst the following, identify the species with an atom in 
+6 oxidation state. 


(A) MnO; (B) Cr(CN)-- 
(C) Ni? (D) CrO,Cl, 
10. What is the equivalent weight of C,,H,,O,, in the following 
reaction? 
C,,H,,0,, + 36 HNO, > 6 H,C,O, + 36 NO, + 23 H,O 
(A) 342/36 (B) 342/12 
(C) 342/22 (D) 342/3 
11. Which oxyacid of Cl cannot undergo disproportionation? 
(A) HClO (B) HCIO, 
(C) HClO, (D) HCI1O, 
12. Which of the following oxides is most basic? 
(A) MnO (B) Mn,O, 
(C) MnO, (D) Mn,O, 


13. In this compound HN, (hydrazoic acid), oxidation state of 
N', N’ and N’ are 


1 
Na 3 
| ‘N—H 
NZ 
2 
(A) 0,0,3 (B) 0,0,-1 
(C) 1,1,-3 (D) -3, -3,-3 
14. Which of the following agents is the most oxidizing? 
(A) O, (B) KMnO, 
(C) H,0, (D) K,Cr,0, 
15. When 1 mol of KCIO, takes 4 mol of electrons, the expected 
product is 
(A) ClO” (B) ClO* 
(C) OCI (D) Cr 


16. On the basis of structure, the oxidation states of two Cl 
atoms in CaOCL, respectively, are 
(A) -1 and +1 (B) +2 and -2 
(C) -2 and +2. (D) -1 and +3. 

17. A blue color appears on addition of aqueous ammonia to 
aqueous CuSO, due to reaction 


CuSO, + 4NH, > [Cu(NH,),]SO, 


In this reaction, 

(A) copper is oxidized. 
(B) copper is reduced. 
(C) ammonia is reduced. 
(D) None of these. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 
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Among the following molecules, in which does bromine 
show the maximum oxidation number? 

(A) Hg,(BrO;), (B) Br-Cl 

(C) KBrO, (D) Br, 

When copper is treated with a certain concentration of 
nitric acid, nitric oxide and nitrogen dioxide are liberated 
in equal volumes according to the equation, 


xCu+ yHNO, — Cu(NO,), +NO+ NO, + H,O. 


The coefficients of x and y are 


(A) 2 and 3 (B) 2 and 6 
(C) land3 (D) 3 and 8 
What is the oxidation number of carbon in A? 
P,O 

CH, (COOH), —+—*5 A 
(A) +4 (B) 43/4 
(C) +4/3 (D) +2/3 
When iodine is passed through sodium thiosulphate, it is 


decolorized and sodium tetrathionate is formed. What is the 
change in the oxidation number of a sulphur atom in the 
reaction? 


(A) 1/2 (B) 3/2 
(C) 2 (D) 1 
In the alkaline medium, the color of potassium dichromate 


solution changes from orange to yellow due to the forma- 
tion of potassium chromate. What is the change in oxida- 
tion state of chromium? 


(A) 1 (B) 2 

(C) 3 (D) 0 

The oxidation number of carbon in CH,CL, is 
(A) -4 (B) +4 

(C) 0 (D) -2 


SO, is passed through an acidified solution of potassium 
dichromate, the oxidation state of S changes from 

(A) +4 to 0 (B) +4 to +2 

(C) +4 to +6 (D) +6 to +4 


The oxidation states of sulphur in the anions SO7, 
§,O7 and S,O;° follow the order 

(A) S,O7 < SOF <S,077 

(B) SOF <S,O7 < S,07 

(C) S,OF <S,O07 < SO? 

(D) 8,07 <S,07 < SOF 

Which of the following compounds contain the metal atom 
in its highest possible oxidation state? 

(A) KSCN (B) MnO, 

(C) Cr,0, (D) H,SnCl, 

A compound of Xe and F is found to have 53.5% Xe. What 
is the oxidation number of Xe in this compound? 

(A) -4 (B) 0 

(C) +4 (D) +6 

Which reaction involves neither oxidation nor reduction? 
(A) Cro? —> Cr,OF (B) Cr>cCrcl, 

(C) Na—Na* (D) 28,07 > S,07 
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Which one of the following is 
disproportionation? 

(A) NH, + 3CuO- 3Cu + 3H,O +N, 
(B) 5H1I+ HIO,—> 3H,0O + 31, 

(C) 1,+2Na,S,0,— 2Nal + Na,S,O, 
(D) P,+3NaOH + 3H,O- 3NaH,PO, + PH, 

H,O, acts as a reducing agent in 

(A) 2+ HCl+H,0,—> FeCl, + H,O 

(B) Cl,+H,O,> 2HCI+ O, 

(C) 2HI+H,O,> 1+ H,O 

(D) H,SO, + H,O,—- H,SO, + H,O 

Which of the following has been arranged in order of 
increasing oxidation number of nitrogen? 

(A) NH, <N,O,< NO<N, 

(B) NO; <NO;<NO;<N; 

(C) NH; <N,H,<NH,OH<N,O 

(D) NO, < NaN,< NH; <N,O 

Which of the following agents is the most reducing? 


an example of 


(A) Mg (B) Na 
(C) K (D) Br, 
No disproportionation is possible for 
(A) AsH, (B) SF, 
(C) H,10, (D) PCI, 


In the reaction 
3Br, + 6COZ +3H,O > 5Br + BrO; + 6HCO; 


(A) bromine is oxidized and carbonate is reduced. 

(B) bromine is reduced and water is oxidized. 

(C) bromine is neither reduced nor oxidized. 

(D) bromine is both reduced and oxidized. 

When the ion Cr,O7 acts as an oxidant in the acidic aque- 
ous solution, the ion Cr* is formed. How many moles of 
Sn** would be oxidized to Sn** by one mol of Cr,O7 ions? 
(A) 1 (B) 2 

(C) 4 (D) 3 

A sample of 2.5 mol of hydrazine (N,H,) loses 25 mol 
of electrons on being converted to a new compound X. 
Assuming that there is no loss of nitrogen in the forma- 
tion of the new compound, what is the oxidation number 
of nitrogen in compound X? 

(A) -1 (B) -2 

(C) +3 (D) +4 

An element, which never has a positive oxidation state in 
any of its compounds, is 

(A) boron. (B) oxygen. 

(C) chlorine. (D) fluorine. 


The average oxidation number of sulphur in Na,S,O, is 


(A) 15 (B) 2.5 
(C) 3 (D) 2 
Oxidation number of fluorine in F,O is 
(A) +1 (B) +2 
(C) -1 (D) -2 


How many moles of KMnO, are required in the acidic 
medium for complete oxidation of 15 mol of FeSO,? 

(A) 2 (B) 3 

(C) 4 (D) 5 


41. 
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Additional Objective Questions 


Equivalent weight of MnO, in acidic, basic, and neutral 
media is in the ratio of 

(A) 3:5:15 (B) 5:3:1 

(Cy 53123 (Dy 3:15:35 

Sulphur has highest oxidation state in 

(A) H,SO, (B) SO, 


(C) Na,S,O, (D) Na,S,O, 
In which of the following compounds, transition metal has 
zero oxidation state? 


(A) CrO, (B) NH,-NH, 
(C) NOCIO, (D) [Fe(CO),] 
Consider the following reactions: 


() C,0? 50, 
(I) MnO} > MnO} 


(Il) SO? > SO7 
(IV) Fe** > Fe” 


Choose the correct answer: 

(A) (1) and (ID) show oxidation. 
(B) (IID and (IV) shows reduction. 
(C) (D and (IIT) show oxidation. 
(D) (II) and (IV) shows oxidation. 


In the reaction Cl, +OH — Cl + ClO; + H,O, chlorine is 
(A) oxidized. 

(B) reduced. 

(C) oxidized as well as reduced. 

(D) neither oxidized nor reduced. 


How many moles of electron is needed for the reduction of 
each mole of Cr in the following reaction? 


CrO, + H,SO, > Cr, (SO,); + H,O + O, 


(A) 4 (B) 3 
(C) 5 (D) 7 
Hydroxylamine reduces iron(II) according to following 


equation 


NH,OH + Fe,(SO,), > N,(g) + H,O + FeSO, + H,SO, 


Which statement is correct? 

(A) n-factor for hydroxylamine is 1. 

(B) Equivalent weight of Fe,(SO,), is M/2. 

(C) 6 Milliequiv. of Fe,(SO,), is contained in 3 millimoles 
of ferric sulphate. 

(D) All of these. 


Equal volumes of 1M each of KMnO, and K,Cr,O, are 
used to oxidize Fe(II) solution in acidic medium. The 
amount of Fe oxidized will be 

(A) more with KMnO,. 

(B) more with K,Cr,O,. 

(C) equal with both oxidizing agents. 

(D) cannot be determined. 


What volume of 1M FeC,O, (ferrous oxalate) solution 
is required for the complete oxidation of 100mL of 1M 
Fe(SCN), solution into Fe**, SO7,, CO7 and nitrate ? 

(A) 0.7L (B) 1L 

(C) 0.8L (D) 1.1L 
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50. A solution contains Cu** and C,O7 ions which on titra- 
tion with 1M KMnoO, consumes 10mL of the oxidizing 
agent for complete oxidation in acidic medium. The result- 
ing solution is neutralized with Na,CO,, acidified with dil. 
CH,COOH and is treated with excess of KI. The liberated 
iodine requires 25mL of 1M of hypo solution, then that 
will be the molar ratio of Cu* to C,O7 ions in solution? 
(A) 5:2 (B) 1:2 
(C) 2:1 (D) 1:1 


51. The labeling on a bottle of H,O, solution is 20 “vol,” 
then the concentration of H,O, in percentage strength 
will be: 

(A) 3.03% (B) 5% 
(C) 4.55% (D) 6.06% 

52. A 100mL solution of 0.1 N HCl was titrated with 0.2N 
NaOH solution. The titration was discontinued after add- 
ing 30mL of NaOH solution. The remaining titration was 
completed by adding 0.25 N KOH solution. The volume of 
KOH required for completing the titration is 


(A) 70 mL (B) 32mL 
(C) 35 mL (D) 16 mL 

53. 40% w/V NaCl solution (specific gravity = 1.12) is equiva- 
lent to 


(A) 3.57 x 10° ppm (B) 3.57 x 10° ppm 
(C) 1x 10° ppm (D) 4x 10° ppm 

54. Oxalic acid (H,C,O,) form two series of salt HC,O; and 
C,O;. If 0.9 g of oxalic acid is in 100 mL solution, HC,O; 
and C,O, have normality, respectively,, 
(A) 0.1 N,0.1N (B) 0.1N,0.2N 
(C) 0.2N,0.2N (D) 0.2N,0.1N 


Multiple Correct Choice type 


1. H,C,O, and NaHC,O, behave as acids as well as reducing 

agents. Which are correct statements? 

(A) Equivalent weight of H,C,O, and NaHC,O, are equal to 
their molecular weights when acting as reducing agents 

(B) Equivalent weight of H,C,O, and NaHC,O, are equal 
to half their molecular weights when acting as reduc- 
ing agents 

(C) 100 mL of 1 M solution of each is neutralized by equal 
volumes of 1 N Ca(OH), 

(D) 100 mL of 1 M solution of each is oxidized by equal 
volumes of 1 M KMnO, 


2. For the following balanced redox reaction, 
2MnO} + 4H* + Br, = 2Mn** +2BrO; +2H,O 


If the molecular wt. of MnO,, Br, be M,, M,, respectively, then 
(A) equivalent weight of MnO} is M/S. 

(B) equivalent weight of Br, is M,/10. 

(C) the n-factor ratio of Mn” to BrO; is 1:1. 

(D) none of these. 


3. Which of the following statements about the following 
reactions are wrong? 
2Cu,O(s) + Cu,S(s) > 6Cu(s) + SO,g 
(A) Both Cu,O and Cu,S are reduced. 
(B) Only CuS is reduced. 


10. 


11. 


12. 


13. 


14. 
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(C) Cu,S is the oxidant. 
(D) Only Cu,O is reduced. 


. Which of the following substances undergo disproportion- 


ation reactions under basic medium? 
(A) F, (B) P, 
(C) 8, (D) Br, 


. A reducing agent in a redox reaction undergoes 


(A) a decrease in oxidation number. 
(B) an increase in oxidation number. 
(C) loss of electrons. 

(D) gain of electrons. 


. Which of the following statements are correct? 


(A) All reactions are oxidation and reduction reactions. 
(B) Oxidizing agent is itself reduced. 

(C) Oxidation and reduction always go side by side. 
(D) Oxidation number during reduction decreases. 


. The metals undergoing disproportionation are 


(A) Sn 
(C) Cu 


(B) Na 
(D) Ca 


. Which of the following is correct about acidic nature? 


(A) H,PO, > H,PO, 
(C) HCIO,> HClO, 


(B) H,AsO,>H,AsO, 
(D) HNO, > HNO, 


. In which of the following, oxidation number of oxygen is 


fractional? 

(A) B,Ox (B) BLH, 
(C) CsO, (D) KO, 
The reaction KI + I, KI, is 


(A) oxidation. 
(C) complex formation. 


(B) reduction. 
(D) None of these. 


The activity series of metals is 

Au < Ag < Cu<Sn<Cd< Zn<Al<Mg<Na<Cs 
Which reaction below does not occur spontaneously upon 
mixing the reagents shown? 

(A) Cd(s) + AP*(aq) > Cd**(aq) + Al(s) 

(B) Cd(s) + Cu(aq) > Cd**(aq) + Cu(s) 

(C) Zn(s) + Cu*(aq) > Zn**(aq)+ Cu(s) 

(D) Al(s) + Ag’(aq) > AI*(aq) + Ag(s) 

Which of the following represent redox reactions? 
(A) Cr,07 +20H” > 2CrO7 +H,O 

(B) 2CrO7 +2H* > Cr,07 + H,0 

(C) 2MnO, +3Mn* + 40H” > 5MnO, +2H,O 


(D) 10;+1 +H* >1,+H,O 
For the following balanced redox reaction, 


2MnO; + 4H* + Br, = 2Mn** + 2BrO? +2H,O 


If the molecular weight of MnO;, Br, be M,,, M,,, respec- 
tively, then 

(A) equivalent weight of MnO, is M,,/5. 

(B) equivalent weight of Br, is M,,,/10. 

(C) the n-factor ratio of Mn* to BrO;j is 1:1. 

(D) none of these. 


When non-stoichiometric compound Fe,,,O is heated in 

presence of oxygen, then it converts into Fe,O,. Which of 

the following statements are correct? 

(A) Equivalent weight of Fe,,; O is M,/0.5 where M,, is 
molecular weight of Fe,,;O. 
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(B) The number of moles of Fe* and Fe™ in 1 mol Fe,,;O 
are 0.1 and 0.85, respectively. 

(C) The number of moles of Fe* and Fe* in 1 mol of 
Fe, ,;O are 0.85 and 0.1, respectively 

(D) The % composition of Fe* and Fe* in the non- 
stoichiometric compound is 89.47% and 10.53%, 
respectively. 


A group of students attempted to estimate the concen- 

tration of Fe” by pipetting fixed volumes of the solution 

into a flask, adding an excess of dilute sulphuric acid, and 

then titrating with a standard solution of potassium manga- 

nate (VII) from a burette. The volume of KMnO, solution 

required by one student was 0.2 cm* higher than that of the 

other students. Which of the following are possible expla- 

nations for this discrepancy? 

(A) The titration flask was rinsed with the solution of Fe* 
instead to water before titration. 

(B) The last drop of Fe** solution was blown from the 
pipette into the flask. 

(C) The burette was rinsed with water instead of the solu- 
tion of KMnO, before titration. 

(D) One student rinsed with the solution of Fe* and other 
rinsed with solution of KMnO, before titration. 


40 g NaOH, 106g Na,CO, and 84g. NaHCO, is dissolved in 

water and the solution is made 1 L,20mL of this stock solu- 

tion is titrated with 1 N HCl, hence which of the following 

statements are correct? 

(A) The liter reading of HCI will be 40 mL, if phenolphtha- 
lein is used indicator from the very beginning. 

(B) The liter reading of HCI will be 60mL if phenolphtha- 
lein is used indicator from the very beginning. 

(C) The liter reading of HCI will be 40 mL if methyl orange 
is used indicator after the first end point. 

(D) The liter reading of HCl will be 80mL, if methyl 
orange is used as indicator from the very beginning. 


150 mL of M/10 Ba(MnO,), in acidic can oxidize completely 
(A) 150 mL of 1 M Fe” solution. 

(B) 50 mL of 1 M FeC,O, solution. 

(C) 75 mL of 1 M C,OF solution. 

(D) 25 mL of 1 M K,Cr,O, solution. 


COOH and COOK behave as acids are well as reducing 


COOH COOH 

agents. Then which of the following are the correct statements? 

(A) When they behave as reducing agents, then their 
equivalent weights are equal to half of their molecular 
weights, respectively. 

(B) 1000 mL of 1 N solution of each is neutralized by 
1000 mL 1 N Ca(OH),. 

(C) 1000 mL of 1 M solution of each is neutralized by 
1000 mL of 1 M Ca(OH),. 

(D) 1000 mL of 1 M solution of each is neutralized by 
200 mL 2 M of KMn0O, in acidic medium. 

0.1 mol of MnO; (in acidic medium) can 

(A) oxidize 0.5 mol of Fe* 

(B) oxidize 0.166 mol of FeC,O, 

(C) oxidize 0.25 mol of C,O7 

(D) oxidize 0.6 mol of Cr,077 


20. 
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Additional Objective Questions 


The reaction 3C1O (aq) — ClO; (aq) + 2CI (aq) is an exam- 
ple of 

(A) oxidation reaction. 

(B) reduction reaction. 

(C) disproportionation reaction. 

(D) decomposition reaction. 


Assertion—Reasoning Type 


10. 


11. 


Choose the correct option from the following: 


(A) Statement 1 is True, Statement 2 is True; Statement 2 is 
a correct explanation for Statement 1. 


(B) Statement 1 is True, Statement 2 is True; Statement 2 is 
NOT a correct explanation for Statement 1. 


(C) Statement 1 is True, Statement 2 is False. 
(D) Statement 1 is False, Statement 2 is True. 


. Statement 1: The equivalent weight of reducing agent, Fe~* 


is 56 (atomic mass of Fe = 56). 
Statement 2: Fe loses 2e” to be converted into Fe”. 


. Statement 1: In the roasting of FeS,, ore is converted into 


ferric oxide and SO, gas. The equivalent mass of FeS, is 
equal to molecular weight/11. 

Statement 2: The n-factor for reducing agent is total net 
change in oxidation number per formula unit. 


. Statement 1: In CrO,, there must be peroxide linkage. 


Statement 2: The maximum oxidation number of an element 
cannot exceed its number of valence electron. 


. Statement 1: CaCO, +2HCl— CaCl, +H,O0+CO, is a 


redox reaction. 


Statement 2: Equivalent weight of CaCO, in this reaction 
is 50. 


. Statement 1: Fe reacts with HCl to produce H, gas. 


Statement 2: Fe is a better reducing agent than H,. 


. Statement 1: Hydrogen peroxide acts only as oxidizing agent. 


Statement 2: All peroxides can undergo disproportionation. 


. Statement 1: Oxidation number of carbon in HCN is +2. 


Statement 2: Carbon always shows an oxidation state of +4. 


. Statement 1: When SnCLl, solution is added to HgCl, solu- 


tion, a milky white precipitate is obtained and on adding 
excess SnCl,, a black precipitate is formed. 

Statement 2: The disproportionation of Hg(II) is easier 
than its reduction only. 


. Statement 1: Iodine shows oxidation state of +1 and +3 in 


the compounds ICI and ICL,, respectively. 


Statement 2: Iodine coming below the halogens F, Cl, Br in 
the halogen group of elements in the periodic table shows 
a higher degree of electropositive nature. 

Statement 1: In aqueous solution, SO, reacts with H,S lib- 
erating sulphur. 

Statement 2: SO, is an effective reducing agent. 

Statement 1: In the titrations of Na,CO, with HCl using 
methyl orange indicator, the volume required at the equiv- 
alence point is twice that of acid required using phenol- 
phthalein indicator. 
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Statement 2: Two moles of HCl are required for complete 
neutralization of one mole of Na,CO,. 

12. Statement 1: The equivalent weight of reducing agent, Fe™* 
is 56 (atomic mass of Fe = 56). 

Statement 2: Fe loses 2e to be converted into Fe”. 

13. Statement 1: Equivalent weight of a species can be written 
as molecular weight of the species divided by valence factor. 
Statement 2: Valence factor represents valence in element, 
acidity in bases, basicity in acids and total charge on cation 
or anion in an ionic compound 

14. Statement 1: In solution A(200 mL of 0.1 N HCl) and solution 
B(100 mL of 0.2 N HCl), the equivalents of H* are the same. 
Statement 2: Number of equivalents = Normality x Volume 
(in liter). 

15. Statement 1: Addition of water to a solution containing sol- 
ute and solvent changes its normality or molarity. 
Statement 2: The milliequivalents and millimoles of the 
solute are not changed on dilution. 


Comprehension Type 
Read the paragraphs and answer the questions that follow. 


Paragraph I 

Aqueous solution of sodium hypochlorite (NaOCl) is a house- 
hold bleach and a strong oxidizing agent that reacts with chro- 
mite ion[Cr(OH),] in basic solution to yield chromate (CrO7 ) 
and chloride ion. 


1. Select the correct statement(s) 
(A) OCI has been oxidized and [Cr(OH),] has been 
reduced. 
(B) OCI has been reduced and [Cr(OH),] has been 
oxidized. 
(C) It is simply a neutralization reaction 
(D) It is simply a displacement reaction 


2. Balanced equation (only redox species) is 
(A) ClO” +[Cr(OH), > CrO7 + Cl 
(B) 3ClO” +[Cr(OH),] > Cro; +3Cl- 
(C) 3ClO™ + 2[Cr(OH),] > 2CrO7 +3Cl- 
(D) ClO” + 2[Cr(OH),] — 2CrO7 +. Cl- 
Paragraph II 
For the unbalanced reaction AX + BY + H,O —~ HA + OY + X,B. 


Let the oxidation number of X be —2 and X, H,O are not involved 
in redox reaction. 


3. The element(s) undergoing oxidation is 


(A) A (B) B 
(Cyr y (D) Both B and Y 
4. The possible oxidation states of B and Y in BY are, 
respectively, 
(1) +1,-1 (ID) +2, -2 
(III) +3,-3 
(A) I (B) II 
(C) III (D) I, II, II 
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5. If the above reaction is balanced in acid medium, the sum 
of smallest whole number stoichiometric coefficients of all 
the compounds will be 


(A) 9 (B) 8 
(C) 7 (D) 6 
Paragraph II 


Electron transfer or redox reactions involve simultaneous 
reduction and oxidation reactions. A substance is reduced when 
it gains electrons, and if it loses electrons it is said to be oxidized. 
A substance brings out reduction of other substances is called 
reducing agent, and the one which brings out oxidation of other 
substances is called oxidizing agent. In disproportionation, the 
same substance undergoes both oxidation and reduction. Two 
identical components of same molecule or different molecule 
undergo oxidation and reduction to result a common product in 
this reaction called comproportionation reaction. 


6. 2MnO; +2H,O > MnO, +2MnO; + 40H is an example 
of 
(A) intermolecular redox reaction. 
(B) intramolecular redox reaction. 
(C) disproportionation reaction. 
(D) comproportionation reaction. 


7. Which among the following is not a disproportionation 
reaction? 
(A) P,+ OH — H,PO, + PH, 
(B) S,OF > SO7 +S 
(C) H,O, > H,O + O, 
(D) AgCl + NH, > [Ag(NH,),]Cl 


8. Inthereaction MnO; +2H,O+2e MnO, +40H’, MnO,, 
will act as 
(A) an oxidizing agent. 
(B) reducing agent. 
(C) both as an oxidizing and reducing agent. 
(D) precipitating agent. 


Paragraph IV 

A sample of iron(II) sulphate crystals, FeSO,:7H,O has been 
left open to the air and some of the iron(IJ) ions has been con- 
verted to iron(II). 4.2 g of the impure crystals were dissolved 
in a total of 250 cm’ water and dilute sulphuric acid. 25 cm’ por- 
tion of this solution was titrated with a solution of potassium 
bicarbonate(VI). The concentration of dichromate(VI) ions in 
this solution was 0.1 mol dm”. The average volume used was 
23.5 cm’. 


9. How many moles of Fe” ions would there have been in the 
250 cm’ of stock solution? 
(A) 705 x 10% mol (B) 2.35 x 107 mol 
(C) 1.41 x 107 (D) 705 x 10“ mol 


10. What mass of Fe” ions should have been present in the 


4.2 g of crystals? 

(A) 0.84 g (B) 0.90 g 

(C) 0.778 (D) 0.62 g 
11. The percentage purity of the crystal is 

(A) 69% (B) 72% 

(C) 88% (D) 94% 
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Paragraph V 

1.00 g of a mixture having equal number of moles of carbonates 
of two alkali metals required 44.4 mL of 0.5 N HCl for complete 
reaction. Atomic weight of one of the metals is 700. 


12. The number of moles of each metal carbonate is 


(A) 0.1 (B) 0.0111 

(C) 0.0055 (D) 0.00275 
13. The number of equivalents of HCl used is 

(A) 0.222 (B) 2.22 

(C) 22.22 (D) 0.0222 
Paragraph VI 


Iodine titrations can be iodometric or iodimetric depending on 

using iodine directly or indirectly as an oxidizing agent in the 

redox titration. 

(a) Iodimetric titrations in which a standard iodine solution is 
used as an oxidant and iodine is directly titrated against a 
reducing agent. For example, 


2CuSO, + 4KI > Cu, 1, +2K,SO, +1, 


(b) Iodimetric procedures are used for the determination of 
strength of reducing agent such as thiosulphates, sulphites, 
arsenites and stannous chloride, etc., by titrating them 
against standard solution of iodine taken in a burette 


2Na,S,0, +1, > Na,S,0, + 2Nal 


Starch is used as indicator near the end point which from 
blue color complex with I,.The blue color disappears when 
there is not more of free I. 

14. In the reaction 2CuSO, + 4KI > Cu,I, +2K,SO, +1, the 
equivalent weight of CuSO, is (M,: molecular weight) 


(A) M,/8 (B) M,/4 
(C) M,/2 (D) M, 
15. The volume of KI solution used for CuSO, will be 
(A) 100 mL (B) 40 mL 
(C) 400 mL (D) 200 mL 


16. When 319.0 g of CuSO, in a solution is reacted with excess 
of 0.5 M KI solution, then liberated iodine required 100 mL 
of 1.0 M Na,S,O, for complete reaction. The percentage 
purity of CuSO, in the sample is 


(A) 10% (B) 20% 
(C) 5% (D) none of these 
Paragraph VII 


Oleum is a mixture of H,SO,and SO, (i.e., H,S,O,). It is pro- 
duced by passing SO, in H,SO, solution. In order to dissolve 
free SO, in oleum, dilution of oleum is done, in which oleum 
converts into pure H,SO,. It is shown by the reaction as under: 


H,SO,+SO,+H,O > 2 H,SO, (pure) 
SO,+H,O > H,SO, (pure) 


When 100 g sample of oleum is diluted with desired amount of 
H,O (in g), then the total mass of pure H,SO, obtained after 
dilution is known as percentage labeling in oleum. Through this 
process, the percentage composition of H,SO,, SO, (free) and 
SO, (combined) is calculated. 
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Additional Objective Questions 


If oleum sample is labeled as “109% H,SO,” that is, 100 g of 
oleum on dilution with 9 g of H,O provides 109g pure H,SO,, in 
which all free SO, in 100 g of oleum is dissolved. 

17. For 109% labeled oleum, if the number of moles of H,SO, 
and free SO, be x and y, respectively, then what will be the 

value of x’ + y’? 


(A) 0.15 (B) 0.42 
(C) 0.62 (D) 0.80 
18. The percentage of combined SO, in the given oleum 
sample is 
(A) 20% (B) 30% 
(C) 48.98% (D) 51% 


19. The percentage composition of free SO, and H,SO, in the 
oleum sample, respectively, are 
(A) 60%, 40% (B) 30%, 70% 
(C) 85%, 15% (D) 40%, 60% 

20. What volume of 1 M NaOH (in mL) will be required to 
react completely with H,SO, and SO,? 
(A) 250 mL (B) 2224 mL 
(C) 750 mL (D) 1800 mL 


Integer Answer Type 


The answer is a non-negative integer. 
1. The number of electrons involved in the conversion of 
MnO, to MnO, is 


2. In Ba(H,PO,), the oxidation number of phosphorus is 


3. In bleaching powder (CaOCL,), the oxidation states of 
chlorine are x and y. The value of x + y is 


4. Given balanced chemical equation for oxidation of phos- 
phorus (III) sulphide by nitric acid. The products include 
NO and SO,. The reaction is 

aP,,S, + bH*+ cNO; — dNO + eH,PO, + fSO, + gH,O 
What is the value of (a+ g)? 

5. In the redox reaction, 
xNO; + yAs,S, + zH,O > AsO7 +NO* + 
what is the value of (x/z)? 

6. Oxidation state of Cr in CrO, is 

7. 0.01 mol of FeS,, (iron (II) sulphide) feadined 0.06 mole of 


AO}; for complete oxidation. The species formed are FeO, 
SO, and A*. The value of n is 

8. 1575 g of oxalic acid (COOH),-xH,O are Aisioweds in water 
and the volume made upto 250mL. On titration, 16.68 mL 
of this solution requires 25 mL of N/15 NaOH solution for 
complete neutralization. The value of x is 


SO; +H* 


9. The equivalent weight of a metal carbonate 0.84 g of which 
reacts exactly with 40 mL of N/2 H,SO, is 
10. 5 g of K,SO, were dissolved in 250 mL of solton The 
volume of this solution that should be used so that 1.2 g 
of BaSO, may be precipitated from BaCl, is 
(Given that molar mass of K,SO, = 174 g mol and BaSO,= 
233 ¢ mol”.) 
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Matrix—Match Type 


1. Match the compound with the average oxidation state of Fe. Column | Column Il 
Cdn ediucmil (C) Metal which is used as an (r) Aluminium 
electrode in Daniell cell. 
(A) BeTEe(CN) <5 iP) 1 (D) Metal which does not react (s) Copper 
(B) [Fe(NO)(H,0);]SO, (q) 2 with dilute acids to give H, gas. 
(C) Fe,[Fe(CN),], (r) 18/7 
(D) Na,[Fe(CN);NO] (s) 1 4. Match the bold atoms in compounds with their oxidation 
numbers. 
2. Match the reaction with its type. odes! eel 
(A) HO, (p) -1 
Column | Column II (B) MnSo, (q) +3 
(A) V,0,+5Ca—>2V+5CaO _ (p) Non-metal (C) AICI, (r) +2 
displacement (D) S,Cl, (s) +6 
reaction 
(B) 2NaH > 2Na+H, (q) Disproportionation 
reaction 5. Match the reactions with equivalent weights of their oxi- 
(C) P,+30H +3H,0 > (r) Decomposition dizing/reducing agents. 
PH,+ 3H,PO, reaction 
(D) Ca+2H,O— Ca(OH), +H, (s) Redox reaction Column | Column II 
(A) NH, > NO, (p) M/3 
3. Match the characteristic properties with the elements. (B) FeC,O, — Fe* + 2C0," (q) M/6 
M/8 
Column | Column II (C) FSO: Ba ee 
(A) Metal which reacts with dilute (p) Zinc (D) KMnO, > Mn* (s) M/5 


acids to give H, gas. 
(B) Metal whose container can be (q) Silver 
used to store conc. HNO,. 


(Continued) 


Review Questions 
1. 0,-1, +1, +3, +5, +7 
2. Yes 
5. H,O, has been disproportionated. 
6. KCIO, is reduced and HNO, is oxidized. KCI1O, is the oxidizing agent and HNO, is the reducing agent. 
10. N:+5,-3;S:+6, -2; Cl: +7 -1 
11. (a) +6, (b) +6; (c) +5 
14. 40CI +S,07 +H,O > 4Cl + 2SO7 + 2H* 
15. (a) No reaction; (b) 2Cr(s) + 3Pb**(aq) — 2Cr**(aq) + 3Pb(s); (c) 2Ag*(aq) + Fe(s) > 2Ag(s) + Fe”(aq); (d) 3Ag(s) + Au**(aq) 
— Au(s) + 3Ag*(aq). 
17. Cu< Pb<Fe<Al 
18. +2 
24. CL,(s)+SO,(aq)+2H,O(1) > 2Cl (aq) + SO7 (aq) + 4H* (aq) 
27. 10 H’ ions 
34. (a) +7; (b) +5; (c) -1; (d) +7 
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Answers 


35. 
(a) (b) (o) (a) (e) 
Oxidized CN™ C,H,OH Tr S,O7 Cc 
Reduced ocr O,; O, CL ZnO 


36. 109% H,SO, means strength of oleum in terms of sulphuric acid potential and 9 g of free SO, in 100 g oleum. 


Numerical Problems 


1. 26.1% 2. % of H,C,O,-2H,O = 26.25%; % of KHC,O,-H,0 = 60.75% 
3. (a) IO; +3SO7 > TI +3SO7; (b) 9.55 g Na,SO, 4. 51.7% 8 
5. 52.63 mL 6. 336.9 mL 
7.n=2 8. 29.4 cm? 
92 51. 10. 0.6 mol 
11. 83.75% 12. 80.85% 
13. 0.1M 14. 100 mL 
15. 5x 10°M 16. 1.2044 x 10” 
17. 14 tablets 18. (a) 85% (b) 124mL 
19. (a) 3.828; (b) 1847¢ 20. Y%age of CaCO, = 69 and % age of MgCO, = 31% 
21. 14.09% 


Additional Objective Questions 
Single Correct Choice Type 


1. (D) 2. (B) 3. (D) 4. (C) 5. (C) 
6. (B) 7. (A) 8. (D) 9. (D) 10. (A) 
11. (C) 12. (A) 13. (B) 14. (A) 15. (C) 
16. (A) 17, (D) 18. (C) 19. (B) 20. (C) 
21. (A) 22. (D) 23. (C) 24. (C) 25. (A) 
26. (A) 27. (D) 28. (A) 29. (D) 30. (B) 
31. (C) 32. (C) 33. (C) 34. (D) 35. (D) 
36. (C) 37. (D) 38. (B) 39. (C) 40. (B) 
41. (C) 42. (A) 43. (D) 44. (C) 45. (C) 
46. (B) 47. (D) 48. (B) 49. (D) 50. (D) 
51. (D) 52. (D) 53. (A) 54. (B) 
Multiple Correct Choice Type 
4. (B,CD) 2. (A,B,C) 3. (B,C,D) 4. (B,C,D) 5. (B,C) 
6. (B,C,D) 7. (A,C) 8. (B,C,D) 9. (A,C,D) 10. (A,B,C) 
11. (A,D) 12. (C,D) 13. (A,B,C) 14. (B,D) 15. (A,B,C) 
16. (A,C,D) 17. (A,B,C,D) 18. (A, B,D) 19. (A,B,C) 20. (A,B,C) 
Assertion—Reasoning Type 
1. (D) 2. (A) 3. (A) 4. (D) 5. (A) 
6. (D) 7. (C) 8. (A) 9. (A) 10. (C) 
11. (B) 12. (C) 13. (B) 14. (A) 15. (B) 
Comprehension Type 
1. (B) 2.10) 3. (D) 4. (D) 5. (B) 
6. (C) 7. (D) 8. (B) 9. (C) 10. (A) 
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11. (D) 12. (B) 13. (D) 14. (D) 15. (D) 
16. (C) 17. (C) 18. (C) 19. (D) 20. (B) 
Integer Answer Type 

1. (3) 2. (1) 3. (0) 4. (7) 5. (14) 

6. (7) 7. (4) 8. (2) 9. (42) 10. (45) 
Matrix—Match Type 

1. A- (r);B > (s);C > (p);D > (q) 2. A (s);B > (1,8); C > (q,s); D > (p,s) 

3. A (p,r);B > (1); C > (p,s); D > (q, 8) 4. A (r);B > (s);C > (q);D > (p,r) 


5. A- (r,t); B > (p); C > (q); D > (s) 


https://telegram.me/unacademyplusdiscounts 


Gaseous and 


Liquid States 


Matter is anything that occupies space and has mass. From a mac- 
roscopic view of matter associated with its bulk properties, there 
are three main phases: gaseous, liquid, and solid. A fourth phase, 
plasma exists at very high temperatures, at which ionization of 
atoms leads to formation of nuclei and electrons. Liquids and solids 
are often referred to as condensed phases because the particles in 
these phases are very closely packed 


1. The gaseous phase of matter is generally transparent and has 
no definite boundaries other than those imposed by the walls of 
a confining vessel. Particles of a gas (atoms, molecules or ions) 
are well separated, have no regular arrangement and move 
freely at high speeds. Due to the large space in between their 
atoms (or molecules or ions), gases are highly compressible. 


2. Particles of a liquid are close together but have no regu- 
lar arrangement; they move about and slide past each other. 
Liquids are relatively incompressible because there is much 
less free space between the particles in a liquid. 


3. Solids are rigid, have a definite shape and the particles are 
tightly packed, usually arranged in a regular pattern. The par- 
ticles vibrate about their positions but do not move from place 
to place. Since the particles of a solid are tightly packed, they 
are nearly incompressible. 


Since kinetic energy (K.E.) is a result of velocity of molecules, it is 
the highest in gases and lowest in solids. Potential energy (P.E.) is 
a result of intermolecular attractions. Thus, PE. of solid state is the 
maximum. So at the molecular level: 


1. K.E.>|P.E| indicates gaseous state molecule. 
2. K.E.>|P.E] indicates liquid state molecule. 


3. K.E.«|P.E| indicates solid state molecule. 
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Thus, the information required for determining the state is that what percentage of total energy is present as K.E. or PE. 

The major factor that is responsible for the varied behavior of solids, liquids and gases is the nature of the interac- 
tion that attracts one particle (atom, ion or molecule) to another and the effect of thermal energy on the movement 
of the particles. 

A substance can exist in any of the three states depending upon the temperature and pressure under which it 
exists. For example, at room temperature and atmospheric pressure water exists as a liquid, it can pass into steam at 
same pressure but at 100°C or into solid ice at 0°C. It can exist in all three phases at 4.58 mmHg pressure and 0.0098°C 
temperature and this point of co-existence of three phases is known as triple point. 


3.1 | CHARACTERISTICS OF GASES 


Gases are studied before liquids and solids because of two reasons. First, the behavior of gases is easier to describe 
because most of the properties of gases do not depend on the identity of the gas. We can, therefore, develop a relatively 
simple model known as the kinetic molecular theory that explains most of the behavior of gases. 


Note: As a general rule, elements and compounds that consist of relatively light, covalent molecules are most likely 
to be gases at room temperature. 


The most common gas familiar to people is air (roughly 21% O, and 79% N, with traces of several other gases). Some 
common properties of gases are listed as follows. 


1. Gases are highly compressible: The nature of the gaseous state allows us to press a volume of gas into a smaller 
volume. Liquids and solids are not like that. They are essentially incompressible. 


2. Gases have low densities: The density of a typical liquid or solid is around 2g mL”. The density of a typical gas is 
around 2 g L"'. This means that the density of a solid or liquid is roughly 1000 times greater than that of a gas. 


3. Gases do not have any fixed volume and shape: Any gas will expand to fill whatever volume is available to it, even 
if it has to mix with other gases to do so. Liquids and solids, however, retain a constant volume when transferred 
from one container to another. A solid, such as an ice cube, also keeps its shape, but a liquid such as soda conforms 
to the shape of whatever bottle or vessel we put it in. 

Besides, the same quantity of a substance occupies a much greater volume as a gas than it does as a liquid or a 
solid. For example, 1 mol of water (18.02 g) has a volume of 18 mL at 4°C. This same amount of liquid water would 
occupy about 22,400mL in the gaseous state. When kernels of popcorn are heated in oil, the liquids inside the 
kernel turn into gases. The pressure that builds up inside the kernel is enormous and eventually causes the kernel 
to explode. The popcorn “pops” because of the enormous difference between the volume of the liquids inside the 
kernel and the volume of the gases these liquids produce when they boil. 


4. Gas fills a container, uniformly exerting equal pressure in all directions: When we blow air into a round bal- 
loon, the balloon becomes spherical and uniform. The air in the balloon obviously pushes out equally in all 
directions. If we were to fill the balloon with water instead (for scientific reasons only, of course), we would 
notice that the balloon sags. The water accumulates at the bottom of the balloon. The pressure of a gas depends 
on the amount of gas. The more air you pump into a tyre, the greater the pressure. The pressure of a gas rises 
when its temperature is increased. A sealed can, if made too hot, is in danger of exploding from the increased 
pressure. 


5. Gases mix thoroughly: The gases mix thoroughly and rapidly with the surrounding air. This is a property of 
gases that is unique to their state. In contrast, some liquids do not mix at all (e.g., oil and water). If they do mix 
(e.g., water and alcohol), the mixing process occurs quite slowly. 


The characteristics of gases can be described in terms of the following four parameters that can be determined 
experimentally: 


1. Mass or amount of gas: The mass of gas is determined by usual weight determination methods and expressed in 
gram or kilograms. It can be expressed in terms of number of moles as: 


Mass in grams (7) 


Mol = 
oe Molecular mass (M) 
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2. Temperature: It can be measured using a thermometer and expressed in °C or Celsius degree. The SI unit of tem- 


perature is kelvin (K) or absolute degree which is related to centigrade degree as: 
K = °C + 273.15 
However for calculation purpose, we use K = °C + 273. 


3. Volume: Since gases occupy the entire volume of the container in which they are contained, the volume of the 
gas is same as the volume of the container. It is expressed in liters, milliliters or cubic meter, cubic centimeter. The 


units are related as: 


1dm? = 10°cm? =1L =10°m? = 10° mL 


The volume occupied by one mole of gas at standard conditions of temperature and pressure (NTP) is called 


standard molar volume. 


4. Pressure: It is the force per unit area, calculated by dividing the force by the area over which the force acts. 


Force 


Pressure = 
rea 


For gases, it is the measure of the force exerted per unit area of the wall of the container. It is discussed in detail 


in the next section. 


3.2 | PRESSURE AS MEASURED PROPERTY OF GAS 


Earth’s gravity pulls on the air mass of the atmosphere, causing it to cover the earth’s surface like an invisible blanket. 
The molecules in the air collide with every object the air contacts, and by doing so, produce a pressure we call the 


atmospheric pressure. 

To measure atmospheric pressure we use a device called a barometer. The simplest 
type is the Torricelli barometer (Fig. 3.1), which consists of a glass tube sealed at one 
end, 80 cm or more in length. To set up the apparatus, the tube is filled with mercury, 
capped, inverted, and then its capped end is immersed in a dish of mercury. When the 
cap is removed, some mercury runs out, but not all. Atmospheric pressure, pushing on 
the surface of the mercury in the dish, holds most of the mercury in the tube. Opposing 
the atmosphere is the downward pressure caused by the weight of the mercury still 
inside the tube. When the two pressures become equal, no more mercury can run out, 
but a space inside the tube above the mercury level has been created having essentially 
no atmosphere; it’s a vacuum. The Torricelli barometer is also called a mercury barom- 
eter. The height of the mercury column inside the tube is directly proportional to the 
atmospheric pressure. In the United States, weather reports often give the height of the 
mercury column in inches. 

The height of the mercury column, measured from the surface of the mercury in 
the dish, is directly proportional to atmospheric pressure. 

At sea level, the height of the mercury column in a barometer fluctuates around 
a value of 760 mm. Some days it is a little higher, some a little lower, depending on 
the weather. The average pressure at sea level has long been used by scientists as a 
standard unit of pressure. The standard atmosphere (atm) was originally defined as the 
pressure needed to support a column of mercury 760 mm high measured at 0°C. 
Pressure due to a fluid (gas or liquid) column can be determined as shown in Fig. 3.2. 

Let the height of the fluid in the column be / and its density be p. If A is the area 
of the container, then pressure p at a point P is given by 


Force _Massx g 


Pressure = 
Area A 


(px hA)x g 
MADEN E & = poh 
a PS 


https://telegram.me/unacademyplusdiscounts 


Vacuum ¢ 


Mercury 


Glass tube 


Representing 
weight of air 


Mercury 


(no weight 
of air here) K 


760 mm 


Figure 3.1 Torricelli 


barometer. 


t—» Fluid 


Figure 3.2 Pressure due 
to a fluid column. 


Telegram @unacademyplusdiscounts 


Chapter 3 | Gaseous and Liquid States 


Units of Pressure 


In the S.L, the unit of pressure is the pascal, symbolized Pa. In S.I. units, the pascal is the ratio of force in newtons 
(N, the S.I. unit of force) to area in meters squared, 


1Pa=— =1Nm” 


= 


Note: 1 Pa is approximately the pressure exerted by the weight of a lemon spread over an area of 1m’. 


To bring the standard atmosphere unit in line with other S.I. units, it has been redefined in terms of the pascal as follows. 
latm = 101,325 Pa (exactly) 


A unit of pressure related to the pascal is the bar, which is defined as 100 kPa. Consequently, one bar is slightly smaller 
than one standard atmosphere (1 bar = 0.9869 atm). 
For ordinary laboratory work, the pascal (or kilopascal) is not a conveniently measured unit. Usually we use a unit 
of pressure called the torr (named after Torricelli). The torr is defined as 1/760th of 1 atm. 
1 
1 torr = ——~ atm 
760 
1 atm = 760 torr (exactly) 


The torr is very close to the pressure that is able to support a column of mercury 1 mm high. In fact, the millimeter of 
mercury (abbreviated mm Hg) is often itself used as a pressure unit. Except when the most exacting measurements are 
being made, it is safe to use the relationship 


1 torr = 1mm Hg 


3.3 | GAS LAWS 


The four variables affecting the properties of a gas are pressure, volume, temperature and the amount of gas. In this 
section, we study situations in which the amount of gas (measured by either grams or moles) remains constant and 
observe how gas samples respond to changes in pressure, volume and temperature. 


Boyle’s Law 


This relationship between pressure and volume is now called Boyle’s law or the pressure-volume law. A graph of typi- 
cal data collected in his experiments is shown in Fig. 3.3(a) and demonstrates that the volume of a given amount of gas 
(n) held at constant temperature varies inversely with the applied pressure. Mathematically, this can be expressed as 


pe - (when temperature and amount of gas are constant) (371) 


where V is the volume and p is the pressure. 


A A 


Pressure (p) 
Pressure (p) 
ae) 
< 


Volume (V) Volume (1/V) p 
(a) (b) (c) 


Figure 3.3 (a) Graph of p vs. V for a gas at constant temperature. (b) Graph of p vs. 1/V for a gas at constant 
temperature. (c) Graph of p vs. pViattemperaturecTy ancaTp(TyS!Ugpiiscounts 


Telegram @unacademyplusdiscounts 


3.3 | Gas Laws 


1 
Paks (3.2) 


where k, a proportionality constant which depends on the temperature and amount of gas and the units of p and V. 
Rearranging Eq. (3.2) gives 


pV=k, (3.3) 


Thus, for a fixed value of k,, pV is constant. 

Now, let us see what happens when a fixed amount of gas undergoes expansion at constant temperature. Suppose 
we put an ideal gas in a piston—cylinder arrangement and allow the gas to expand from an initial volume V, to a final 
volume V, while keeping the temperature T of the gas constant. Such a process, at constant temperature, is called an 
isothermal expansion. 

On a p-V plot, an isotherm is a curve that connects points that have the same temperature. Thus, it is a graph of 
pressure vs. volume for a gas whose temperature T is held constant. Figure 3.4(a) shows three isotherms, each cor- 
responding to a different (constant) value of 7. Superimposed on the middle isotherm is the path followed by a gas 
during an isothermal expansion from state i to state fat a constant temperature of 310 K. 

Note that the product of the pressure times the volume is the same number in each case as shown in Fig. 3.4(b). 
Substantiating Boyle’s law, Eq. (3.3) can be modified as 


PV, = PV, =k 
or Hie We (3.4) 
Pp, V, 


Equation (3.4) shows that since gases are highly compressible, so the volume proportionately decreases when the 
pressure increases. This also indicates that with an increase in pressure, the density of the gas increases. The density d, 
of a gas is its mass per unit volume, which is generally expressed in grams per liter. Substituting the value of V from 
Boyle’s law equation, we get 


m m 
= — =| — —k’ fe 
a, (2p P (3.5) 


The equation confirms that when the temperature and amount of the gas are constant, the pressure is directly pro- 
portional to the density of the gas. This relationship is essentially the same for all gases at temperatures and pressures 
usually found in the laboratory. However, at high pressures, some deviation from Boyle’s law can be seen and straight 
line is not obtained in the graph. 


p 
; Tz > Ty 
i Te 
3 
T= 320K E T 
cs 
T=310K S 
Q 
T=300K 
Vv p (atm) ———~> 
(a) (b) 


Figure 3.4 (a) Three isotherms on a p-V diagram (b) Graph of p vs. pV at temperature T, and T, (T, > T,). 
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doubled, and so, is the pressure it exerts. 


Note: The molecular explanation of the law is based on the fact that the pressure exerted by a gas arises from the 
impact of its particles on the walls of the vessel. If the volume is halved, the density of particles is doubled, and so 
twice as many particles strike the walls in a given period of time. The average force exerted by the gas is therefore 


Solved Example | 3-1 | 


What will be the pressure of the gaseous mixture when 
0.5 L of H, at 0.8 bar and 2.0 L of dioxygen at 0.7 bar are 
introduced in a 1 L vessel at 27°C? 


Solution 

For H,, pV, = p,V, = 0.80.5 = py, X1=> py, = 0.4 bar 
For O,, pV, = pV, = 0.7X2 = po, X1=> Po, =14 bar 
Therefore, Pyar = Pu, + Po, = 9.44+1.4 = 1.8 bar 


Solved Example | 3-2 | 


A gas is present at a pressure of 2 atm. What should be the 
increase in pressure so that the volume of the gas can be 
decreased to 1/4" of the initial value if the temperature is 
maintained constant. 


Solution 


We know that pV = constant for a given mass of gas at 
constant pressure. So, p,V, = p,V,. Substituting given val- 
ues p, =2 atm, V, = V,/4, we get 
V, 
22, = Pak Pa = 8 atm 
Therefore, the total increase in pressure is 8 — 2 = 6 atm. 


Solved Example | 3-3 | 


Two glass bulbs A and B at same temperature are con- 
nected by a very small tube having a stop cock. Bulb A 
has a volume of 100 cm’ and contained the gas while bulb 
B was empty. On opening the stop cock, the pressure fell 
down to 20%. What is the volume of the bulb B? 


Solution 


Given that V, = 100 cm’, p,= 100 atm and p, = 20 atm. 

Thus, V, can be found as 

p,V, _ 100x100 
P> 20 


Thus, volume of B = 500-100 = 400 cm? 


Ve = 500 cm* 


Solved Example | 3-4 | 


Consider the composite system, which is held at 300 K, 
shown in Fig. 3.5. Assuming ideal gas behavior, calculate 
the total pressure if the barriers separating the compart- 
ments are removed. Assume that the volume of the barri- 
ers is negligible. (Given: R = 0.082 atm L™ mol'K'.) 


He 2L Ne 4L Xe1L 
1.50 atm 2.50 atm 1 atm 
Figure 3.5 


Solution 
DV, + PxV,+ p3V3= PV, 
2x154+4x2.54+1x1=7xp,=> p,=2 atm 
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Charles’ Law 


The quantitative effect of temperature on the volume of a sample of gas at constant pressure was first advanced by a 
French scientist, Jacques Charles, in 1787 Charles showed that any gas expands by a definite fraction as the tempera- 
ture rises. He found that the volume increases by a fraction of 1/273.15 for each 1°C rise in the temperature (Fig. 3.6). 


Atmospheric Mencia Atmospheric paeen eee: 
pressure pressure 
——| 


plug 


Trapped Heater 
air sample 


(a) (b) 


Figure 3.6 The relationship between temperature and volume: (a) An ice water bath at 0°C. (b) A boiling water 
bath at 100°C. 


Next, he studied what happens to the volume of a sample of gas when the temperature is varied, keeping the 
pressure constant. When the volume of the gas is plotted against the temperature in degrees Celsius using the data 
from experiments, graph shown in Fig. 3.7(a) is obtained. Each line is called an isobar and shows how the gas volume 
changes with temperature for a different size sample of the same gas. Since all gases eventually become liquids if 
cooled sufficiently, the solid portions of the lines correspond to temperatures at which measurements are possible; at 
lower temperatures, the gas liquefies. However, if the lines are extrapolated (reasonably extended) back to a point 
where the volume of the gas would become zero if it did not condense, it was observed that all the lines meet at the 
same temperature, —273.15°C. Especially significant is the fact that this exact same behavior is exhibited by all gases. 
This point represents the nature’s coldest temperature, and it was called absolute zero. 


Py > Po> P3> P4 


Volume of gas 
aS) 
BS 


ok 
=e 
fo} 
Oo 
ye) 
oO 
oO 


300 f 200  —100 
—273.15°C (0 K) | Temperature (°C) 


Figure 3.7 Charles’ law plots V vs. T (Celsius) at different constant pressures. 
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At absolute zero temperature, translational motion (motion from point to point) ceases. This absolute zero cor- 
responds to the zero point on the Kelvin temperature scale or Absolute temperature scale. To obtain a Kelvin tem- 
perature, we add 273.15°C to the Celsius temperature. 


JE 


Kelvin 


= QBs 1h 


Celsius 


(3.6) 


Similarly, 0°C is given by T, = 273.15 and is equal to 273.15 K on the Kelvin temperature scale, also known as 
thermodynamic scale. For most purposes, we will need only three significant figures, so we can use 273 instead of 
273.15. 

If V, and V, are the volumes at temperatures 0°C and T°C, then 


T 
Vv. =V,| 1+—— 
- ( ma 


The straight lines in Fig. 3.7 suggest that at constant pressure, the volume of a gas is directly proportional to its tem- 
perature, provided the temperature is expressed in kelvins. This became known as Charles’ law (or the temperature— 
volume law) and is expressed mathematically as 


VT (3.7) 


The relationship between volume and temperature noted by Charles can now be restated in terms of the Kelvin scale. 
Charles’s law states that the volume of a gas is directly proportional to the Kelvin temperature (7) at constant pres- 
sure. (From this point on, 7 will represent the Kelvin temperature exclusively.) This can be expressed mathematically 
as a proportion or as equality, with k, serving as the symbol for the constant of proportionality. 


Vik Eon S She (3.8) 


The value of k, depends on the amount and pressure of the gas and the unit of volume. For a quantity of gas at two 
temperatures at the same pressure, we have 


eee (3.9) 


This equation can be used to calculate how the volume of gas changes when the temperature changes. For example, if 
V, is a new volume that we are to find at a given new temperature T,, the equation becomes 


iE 
ee, ae (3.10) 


1 


Charles’s law is obeyed by all gases at high temperatures and very low pressures. 


Solved Example | 3-5 | 


Two vessels connected by a valve of negligible volume. Solution 
One container (I) has 2.8 g of N, at temperature 7,(K). 


i : From the expression, we have 
The other container (II) is completely evacuated. The P ° 


container (I) is heated to T,(K), while container (II) is V, _ Va 

maintained at 7,/3(K). Volume of vessel (I) is half of i oe 

that of vessel (II). If the valve is opened, then what is the 1/2V,_ V, V, 3, VT, 1 
i i i ? or => = = = 

weight ratio of N in both vessels(w,/w,,)? r, T 2, £ 6fV, 6 
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Solved Example 


For a closed (not rigid) container containing m = 10 mol The graph is shown in Fig. 3.8. 
of an ideal gas fitted with movable, frictionless, weight- A 


less piston operating such that pressure of the gas remains 
constant at 0.821 atm. Draw the graph that represents 
correct variation of log V vs. log T, where V is in liter and 
T in kelvin? = 
s 
Solution 
From Charles law, we have V « T. Taking log on both 
sides, we get = = 
logV = log T + log constant (c) > logV = log T +c nee 
Comparing with y = mx + c, we get m = 1 and c = 1. So, Figure 3.8 
6 =45°. 
1 
Therefore, Mi = = 
w, 6 


Solved Example 


A student forgot to add the reaction mixture to the round Volume of the gas expelled out = V, — V,. Then, fraction of 
bottomed flask at 27°C but put it on the flame. After a the gas expelled out is 


lapse of time, he realized his mistake. Using a pyrometer, V,-V, V, 
he found that the temperature of the flask was 477°C. “eS aa (2) 
What fraction of the air would have been expelled out? A 
> _ T, ae 
Soluti From Charles law one can write, Vee —. Substituting 
ONBIOn this value in Eq. (2), we get YF, 

Let the volume of the air in the flask at 27°C (300 K) eciowot hecimeeclieg a qT, _ f, -T, _ 750 — 300 _ 
be V, and that of the same amount of the gas at 477°C ’ T, Ty 750 
(750 K) be V,. According to the Charle’s law, we get 450 3 | 06 

ae a) 750 5 

YT, Thus, three-fifth (0.6) of the gas is expelled out. 


Gay-Lussac’s Law 


When a confined quantity of gas is heated, the pressure increases. The relationship between temperature and pressure 
was proposed in 1802 by Joseph Louis Gay—Lussac. This French scientist studied how the pressure and temperature 
of a fixed amount of gas at constant volume are related. The relationship that he established, called Gay—Lussac’s law 
or the pressure-temperature law, states that the pressure of a fixed amount of gas held at constant volume is directly 
proportional to the temperature. Thus, 


p«T (when volume and amount of gas is kept constant) (3.11) 


Using still another constant of proportionality k,, Gay—Lussac’s law becomes 
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= mee 
patel or kes = Gal2) 


Boyle’s and Charles’ laws can be used to derive Eq. (3.12). The plot of pressure vs. temperature (in K) is shown in 
Fig. 3.9. Each line in this graph is called an isochore. At constant volume for a fixed amount of gas, the pressure is pro- 
portional to the absolute temperature. 


A Vi> V3 > Vo> V, 


Pressure of gas 
\ | 
sS 


0 100 200 300 400 
Temperature (K) 


Figure 3.9 Plot of pressure vs. temperature for different constant volumes of gas. 


Note: Deodorant cans carry a warning: Do Not Store Near Heat. This is because the spray is stored as a gas in the 
can of fixed volume. On heating, since the volume of the can is fixed, the pressure will increase. Eventually, the seal 
on the can breaks off and an explosion occurs. 


Avogadro’s Law 


If the volumes of the reacting gases, as well as the volumes of gaseous products, are measured under the same condi- 
tions of temperature and pressure, the volumes are in simple whole number ratios. For example, hydrogen gas reacts 
with chlorine gas to give gaseous hydrogen chloride. Beneath the names in the following equation are the relative 
volumes with which these gases interact (at the same T and p). 
Hydrogen + Chlorine — Hydrogen chloride 
1 volume 1 volume 2 volumes 

The observation that gases react in whole-number volume ratios led Amedeo Avogadro (1776-1856), an Italian scien- 
tist, to conclude that, at the same 7 and p, equal volumes of gases must have identical numbers of molecules. We know 
now that “equal numbers of molecules” is the same as “equal numbers of moles,” so Avogadro’s insight, now called 
Avogadro’s principle, is expressed as follows: When measured at the same temperature and pressure, equal volumes 
of gases contain equal numbers of moles. A corollary to Avogadro’s principle is that the volume of a gas is directly 
proportional to its number of moles, n. 


Ven (atconstant T and P) (3.13) 


Therefore, V=k,n (3.14) 


It has already been discussed in Chapter 1 that the number of molecules in one mole of a gas is 6.023 x 10” which is 
known as Avogadro’s constant. Rearranging Eq. (3.14) in terms of density, we have 


V=k,—>M=k,— 
M V 
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or Wi Sie yo (3.15) 


where p is the density of gas which is directly proportional to the molar mass M. 


Note: Earlier, the term Avogadro’s number, which is closely related to the Avogadro constant was used. After revi- 
sions in the base set of S.I. units, the term Avogadro’s constant came into existence. It was defined as the number of 
molecules in 1 g molecule of hydrogen. It is a dimensionless quantity and has the numerical value of the Avogadro 
constant given in base units. 


Avogadro’s principle implies that the volume occupied by one mole of any gas — its molar volume — must be identi- 
cal for all gases under the same conditions of pressure and temperature. To compare the molar volumes of different 
gases, scientists agreed to use 1 bar (10° Pa) and 273.15 K (0°C) as the standard conditions of temperature and pres- 
sure (STP). These values of temperature and pressure are approximately equal to the freezing temperature of water 
and atmospheric pressure at sea level. If we measure the molar volumes for a variety of gases at STP, we find that the 
values fluctuate somewhat because the gases are not “ideal”. Some typical values are shown in Table 3.1 and if we were 
to examine the data for many gases, we would find an average of around 22.4 L per mole. This value is taken to be the 
molar volume of an ideal gas at STP and is now called the standard molar volume of a gas. 


Table 3.1 Molar volumes of some gases 
Gas He Ar lib N, @, CO, NH, Ideal gas 
Molar volume (L) 22.398 22.401 22.410 22.413 22.414 22.414 22.09 22.41 


Solved Example | 3-8 | 


How many liters of hydrogen, measured at STP, are 3L of H, © 1LofN, 
needed to combine exactly with 1.50 L of nitrogen, also 
measured at STP, to form ammonia? 


N,+3H, = 2NH, 


We then multiply the given amount, 1.50 L of N,, by a con- 
version factor made from the equivalency above: 


3 LofH, 


Volume of H, = 1.50 L of N, x 
“ 1LofN, 


= 4.50 L of H, 
Solution 


The volume of hydrogen is given in liters, so we need to 
express the volume equivalency in those units as well. 


Solved Example | 3-9 | 


How many liters of air (air is 21% oxygen) are required 2 volume O, 
for the combustion of 6.75 L of CH,? (Assume air and Volume of O, = (6.75 L cry Zane | = 13.50 L 
CH, are at the same T and p.) : 
Solution or 21% O, = ieeDEViy 100% 
x Lair 
From the given values, we have 100% 
or Volume of air = (13.50 L O,) ( 719% =643L 
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Solved Example | 3-10) 


Methane burns according to the following equation: 
CH, (g)+20,(g) > CO, (g)+ 2H,O(g) 


The combustion of 4.50 L of CH, consumes how many 
liters of O,, both volumes measured at 25°C and 740 mm 
Hg? (Hint: Recall Avogadro’s principle concerning the 
number of molecules in a fixed volume of gas at a given 
temperature and pressure.) 


Solution 


When gases are held at the same temperature and pressure, 
and dispensed in this fashion during chemical reactions, 
then they react in a ratio of volumes that is equal to the 
ratio of the coefficients (moles) in the balanced chemical 
equation for the given reaction. We can, therefore, directly 
use the stoichiometry of the balanced chemical equation 
to determine the combining ratio of the gas volumes: 


2 vol 
VolumeotOns suc) — es 50% 
7 1 volume CH, 

Combined Gas Laws 
In Eq. (3.11), varying the three variables p, V and T for a fixed amount of gas as follows: 

Initial conditions: p = p,, V= V, and T= T, 

Final conditions: p = p,, V= V, and T= T, 
The equation can be written as 

BM oan and: 2a ae 
T, T, 
or a (3.16) 
T, T, 


Equation (3.16) is called the combined gas law and states that the ratio pV/T is a constant for a fixed amount of gas. 
Alternately, Eq. (3.16) can be derived by combining the three gas laws — Boyle’s, Charles’ and Gay—Lussac’s laws. 


4 


V, 2 
PV, = pV, (for T,=T,) = 7*(forp,=p,) = 22 (for V,=V;) 
2 


a 


i 2 


Hence, on combining the above three equations, we arrive at the combined gas law given by Eq. (3.16). 
Note that in applying this equation, T must always be in kelvins. The pressure and volume can have any units, but 
whatever the units are on one side of the equation, they must be the same on the other side. 


Solved Example | 3-11 | 


Nitrogen monoxide, a pollutant released by automobile 
engines, is oxidized by molecular oxygen to give the red- 
dish brown gas nitrogen dioxide, which gives smog its 
characteristic color. The equation is 


2NO(g)+ O,(g) > 2NO,(g) 


How many milliliters of O, measured at 20°C and 755 mm 
Hg are needed to react with 180 mL of NO, measured at 
45°C and 720 mm Hg? 


Solution 


The first step is to use the combined gas law applied to 
the given volume of NO, so let us set up the data as usual. 


Variable Initial Final 

Pp 720 mm Hg 755 mm Hg 

V 180 mL ? 

p 318 K (45°C +273) 293 K (20°C + 273) 
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Solving the combined gas law for V, gives 


sof HE 
P2 T, 


Next we substitute values, 


V, = 180 mi { 22 mm He) (2 K 


= 158 mL of NO 
755 mm Hg 318 K 


3.4 | Ideal Gas Law 


Now we have the volume of NO at the same temperature 
and pressure as the oxygen. This lets us use the coefficients 
of the equation to establish the equivalency 


2mL of NO @1 mL of O, 


and apply it to find the volume of O, required for the 
reaction. 


1 mL of O, 


158 mL of NO x ———_+ 
2 mL of NO 


=79.0 mL of O, 


Solved Example | 3-12 | 


Butane (C,H,,) is the fuel in cigarette lighters. It burns in 
oxygen according to the equation 


2C,H,,(g) + 130, (g) > 8CO, (g) + 10H,O(g) 


How many milliliters of O, at 35°C and 725 mm Hg are 
needed to react completely with 75.0 mL of C,H,, meas- 
ured at 45°C and 760 mm Hg? 

Solution 


Starting with the combined gas law: 


PV, - PWV; 
T, T, 


Rearrange the equation to find a new volume (V,) 
- DVT; 
TP, 


Calculate the new volume for the butane (C,H,,) using 
the temperature and pressure of the oxygen (O,) 


_ (760 torr)(75.0 mL)(308 K) 
i (318 K)(725 torr) 


V; 


=76.1 mL C,H, 


Now calculate the number of mL of O, require to react 
with 76.1 mL C,H,, 


mL O,=76.1 mL cay ewan: = 495 mL 


2 volume C,H,, 


Solved Example ESE 


A rigid vessel of volume 0.50 m* containing H, at 20.5°C 
and a pressure of 611 x 10° Pa is connected to a second 
rigid vessel of volume 0.75 m* containing Ar at 31.2°C at 
a pressure of 433 x 10° Pa. A valve separating the two ves- 
sels is opened and both are cooled to a temperature of 
14.5°C. What is the final pressure in the vessels? 


Solution 


Given that at volume of 0.50 m’, V, = 500 mL, 7, = 
20.5°C = 293.5 K, p, = 611 x 10° Pa = 6 atm. At volume 
O75 em", V, = 790 LT, = 312°C = 3042 K, p, = 433 * 
10° Pa = 4.27 atm. 


3.4 | IDEAL GAS LAW 


The valve is opened and both are cooled to 14.5°C tem- 
perature, that is, 7, = 14.5°C = 2875 K, final pressure (p,), 
V, = 500 + 750 = 1,250 mL 

Substituting in the below expression, we get 


Pi, % PV, _ P3V; _. 6x 500 x 4.27x 750 _ p; x1,250 


TT, T, 2935 3042 287.5 
or 10.22+1,053 = 23 %4250 
287.5 


or p,;=4.77 atm = 4.77 x 101.3 x 10° Pa = 4.83 x 10° Pa 


So far, gases have been described in terms of four variables: pressure (p), volume (V), temperature (7), and the number 
of moles of gas (7). In each case, two of the variables were allowed to change while the other two were held constant. 
The relationships between pairs of variables can be summarized as 
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Boyle’s law: p « 1/V (T and n constant) 
Charles’ law: V « T (p and n constant) 
Avogadro’s hypothesis: V «n(p and T constant) 
Based on the three relations, we have Ve ue >=>V= go 
Rearranging the equation, we get pV =nRT (3.17) 


where R is a proportionality constant known as the ideal gas constant and T is the absolute temperature. Equation 
(3.17) can be rearranged and written as follows. 


DIRE R (3.18) 
nT 
This equation is also called the universal gas law and R is known as universal gas constant. An ideal gas would obey 
this relationship known as ideal gas equation exactly over all ranges of the gas variables. 
According to the ideal gas law, the product of pressure times volume of an ideal gas divided by the product of 
amount of gas times absolute temperature is a constant. 


Note: Real gases do not exactly obey these gas laws, it is often useful to imagine a hypothetical gas and call that as 
an ideal gas, which would obey the gas laws (Boyle’s and Charles’ laws) exactly over all temperatures and pressures. 
A real gas behaves more and more like an ideal gas as its pressure decreases and its temperature increases or when 
its volume increases as the temperature increases. Most of the gases on which experiments are conducted can be 
treated as ideal gases unless we are dealing with extremely precise measurements. 


Equation (3.17) tells us how the four important variables for a gas, p, V,n, and T are related. If we know the values 
of three, we can calculate the fourth. We can define the state of a given gas simply by specifying any three of the four 
variables so it is also called equation of state. If n, p and T in Eq. (3.17) are known, for example, then V can have only 
one value. 


Dimension and Numerical Values of R 
The gas equation for one mole of gas can be written as: pV = RT. Therefore, 


_ pV _ Pressure x Volume _ Force Volume 


x 
nT MolesxTemperature Area Molesx Temperature 
_ Force Area xLength — — Work(Energy) 


— x = 
Area MolesxTemperature Moles x Temperature 


So, the dimension of R is energy per degree per mole. 

To use the ideal gas law, we have to know the value of the universal gas constant, R. To calculate it, we use the 
standard conditions of pressure and temperature, and we use the standard molar volume, which sets n equal to 1 mol, 
the number of moles of the sample. The value of R depends on the units used to express the four variables p, V, 
and T. Suppose we express volume in /iters and pressure in atmospheres. Then for 1 M volume at STP, n =1 mol, V= 
22.710981 L, p = 1.0 atm and T = 273.15 K. Substituting these values in Eq. (3.18), we calculate R as follows. 


_ pV _ (1.0 atm)x (22.4 L) 


R= = = 0.0821 Latmmol'K™ 
nT (1.0 mol)x(273.15 K) 


To use this value of R in working problems, we have to be sure to express volumes in liters and pressures in atmos- 
pheres. And, of course, temperatures must be expressed in kelvins. More precise measurements give R = 0.082057 L 
atm mol” K™. Using Eq. (3.18), at conditions of temperature 273.15 K and 1 bar pressure, we get R= 8.314 J K™ mol". 
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Solved Example | 3-14 | 


An important chemical reaction in the manufacture of 
Portland cement is the high temperature decomposition 
of calcium carbonate to give calcium oxide and carbon 
dioxide. Suppose a 1.25 g sample of calcium carbonate is 
decomposed by heating. How many milliliters of carbon 
dioxide gas will be evolved if the volume is measured at 
740mm Hg and 25°C? 


Solution 


The formula mass of CaCO, is 100.1, so 


1 mol CaCO, - 15 
100.1 g CaCO, 


x107 mol of CaCO, 


Moles of CaCO, = 1.25 g CaCO, x 


Because 1 mol CaCO, <1 mol CO,, therefore, m = 1.25 x 
10° mol of CO,. 


Before we use n in the ideal gas law equation, we must 
convert the given pressure and temperature into the units 
required by R. 

1 atm 
760 mm Hg 


and JT =25+273=298 K 


p= 740 mm Hg x = 0.974 atm 


By rearranging the ideal gas law equation we obtain 


Ke nRT 
p 
_ (1.25x107 mol) x (0.0821 L atm mol K) x (298 K) 
~ 0.974 atm 


=0.314 L=314mL 


The reaction will yield 314 mL of CO, at the conditions 
specified. 


Density and Molar Mass Measurement of a Gas 


The molar mass of a gaseous compound can be found using experimental values of pressure, volume, temperature 
and sample mass. The p, V, T data allow us to calculate the number of moles using the ideal gas law. Once we know 
the number of moles of gas and the mass of the gas sample, the molar mass is obtained by taking the ratio of grams to 
moles. 

The relation between molar mass and density can be derived as follows. This relation helps in determining the 
density/molar mass of a substance, if all the other terms are known. Using the ideal gas equation, pV = nRT, and sub- 
stituting n = m/M where mis the given mass and M is the molar mass, we get 


m 
va ay 
a’, 


Rearranging, we get pM= mais = pM = pRT 


where p is the density of the gas in gram per liter. Hence, knowing density of a substance, molar mass can be calculated as 


_ PRT 
P 


M (3.19) 


The density of an ideal gas can thus be obtained using the ideal gas equation. The vapor density of the gas is different 
from the density and is given by: 


Mass of V mL of gas (at p, T) 


Vapor density = 
: ¥ Mass of V mL of H, (at p, T) 


(3.20) 


It is a ratio and has no units and is independent of pressure and temperature. 
The density of the gas is the ratio of molar mass to molar volume and increases with decrease in pressure and 
decreases with increase in temperature. 
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Solved Example | 3-15 | 


As part of a rock analysis, a student added hydrochloric 
acid to a rock sample and observed a fizzing action, indi- 
cating a gas was being evolved. The student collected a 
sample of the gas in a 0.220 L gas bulb until its pressure 
reached 0.757 atm at a temperature of 25.0°C. The sample 
weighed 0.299 g. What is the molar mass of the gas? What 
kind of compound was the likely source of the gas? 


Solution 


Pressure is already in atmospheres and the volume is in 
liters, but we must convert degrees Celsius into kelvins. 
Gathering our data, we have p = 0.757 atm, V = 0.220 L, 
T=25 +273 =298 K. 
Next, we solve the ideal gas law (pV = nRT) for the 
number of moles, n. 
nak 
RT 
Now we can substitute the data for p, V and T, along with 
the value of R. This gives 


(0.757 atm) x (0.220 L) 


n= —~—— = 6.81x 10° mol 
(0.0821 L atm mol K7)x(298 K) 


The molar mass is obtained from the ratio of grams to 
moles. 

0.299 g 
6.81107 mol 
We now know the measured molar mass is 43.9 g mol", but 
what gas could this be? The gases given off when a sub- 
stance reacts with acids might be H,S, HCN, CO, or SO,,. 
Using atomic masses to calculate their molar masses, we get 


Molar mass = = 43.9 ¢ mol 


H,S 
HCN 


Co, 
Sor 


34 g mol! 44 g mol! 


27 g mol" 64 g mol! 

The only gas with a molar mass close to 43.9 g mol” is 
CO,, and that gas would be evolved if we treat a carbon- 
ate with an acid. The rock probably contains a carbonate 
compound. (Limestone and marble are examples of such 
minerals.) 


Solved Example | 3-16 | 


One procedure used to separate the isotopes of uranium 
to obtain material to construct a nuclear weapon employs 
a uranium compound with the formula UF,. The com- 
pound boils at about 56°C, so at 100°C it is a gas. What 
is the density of UF, at 100°C if the pressure of the gas 
is 740 mm Hg? (Assume the gas contains the mix of ura- 
nium isotopes commonly found in nature.) 


Solution 


The pressure is 740 mm Hg, so to convert to atmospheres, we 
use the relationship between the atmosphere and mm Hg. 


1 atm 
760 mm Hg 
The temperature is 100°C, which converts to 373 K, and 


we said we would use n = 1.00 mol. To find the molar 
volume, we solve the ideal gas law for V. 


740 mm Hg x = 0.974 atm 


Ve nRT 
P 
Now, we substitute values 
_ 1.00 mol x 0.0821 L atm mol K™ x373 K 


0.974 atm 
At these conditions of temperature and pressure, the 
molar volume is 31.4 L mol”. To calculate the density, 
we need one more piece of data, the molar mass of UF,. 
Adding up the atomic masses, we get a molar mass of 
352.0 g mol. Using the relation between molar mass and 
density, we get 
go ce ed (as V = RT/p for 1 mol) 
2) RT V 
Therefore, the density is 
352.0 g 


31.4L 


4 =314L 


=11.2 gL" 


Solved Example [347] 


A liquid used as a dry cleaning solvent, has an empirical 
formula CCL, and a boiling point of 121°C. When vapor- 
ized, the gaseous compound has a density of 4.93 g L” 
at 785 mm Hg and 150°C. What is the molar mass of the 
compound and what is its molecular formula? 


Solution 


To calculate the number of moles of gas in 1.00 L, we use 
the ideal gas law, making unit conversions as needed. The 
data are given as T= 150 + 273 = 423 K; p = 785 mm Hg x 
(1 atm/760 mm Hg) = 1.03 atm; V = 1.00 L. 
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Solving the ideal gas law for n and substituting values, we 
have 
_ pV | (1.03 atm) x (1.00 L) 
RT (0.0821 L atm mol K™) x (423 K) 
=2.97x107 mol 


Now we can calculate the molar mass by dividing the 
mass 4.93 g by the number of moles, 2.97 x 107 mol. 


4.93 g 
2.97 x10” mol 
The molar mass of the compound is thus 166 g mol". 


= 166 g mol" 


3.4 | Ideal Gas Law 


The empirical formula mass that we calculate from the 
empirical formula, CCL, is 82.9. We now divide the molar 
mass by this value to see how many times CCl, occurs in 
the molecular formula. 

eee 2.00 

82.9 
To find the molecular formula, we multiply the subscripts 
of the empirical formula by 2. 


Molecular formula = C,,, Cl,,.. = C,Cl, 


(This is the formula for a compound commonly called tetra- 
chloroethylene, which is indeed used as a dry cleaning fluid.) 


Solved Example | 3-7 8 


When a 158 mL lightbulb is filled with argon at a tem- 
perature of 20°C and a pressure of 3.00 mm Hg. How 
many grams of argon are in the lightbulb under these 
conditions? 


Solution 


To use R = 0.0821 L atm mol’ K™, we must have V in 
liters, p in atmospheres, and T in kelvins. Gathering the 
data and making the necessary unit conversions as we go, 
we have 

1latm 
760 mm Hg 


and V = 158 x 10° L=0.158 L, T= 20 + 273 = 293 K. 
Solving the ideal gas law for n gives us 
gue’ 
RT 


p= 3.00 mm Hg x = 3.95x10° atm 


Substituting the proper values of p, V, R and T into this 
equation gives 


(3.9510 atm) x (0.158 L) 
(0.0821 L atm mol K*)x (293 K) 


= 2.59107 mol of Ar 


The atomic mass of Ar is 39.95, so 1 mol Ar = 39.95 g Ar. 

A conversion factor made from this relationship lets us 

convert “mol Ar” into “g Ar” 

39.95 g of Ar 
1 mol of Ar 


Thus, the light bulb contains only about one-thousandth 
of a gram of argon. 


2.59x 10” mol of Arx = 1.04107 g of Ar 


Solved Example 3-19) 


When 3.2 g of sulphur is vaporized at 450°C and 723 mm 
pressure, the vapors occupy a volume of 780 mL. What is 
the molecular formula of sulphur vapors under these con- 
ditions? Calculate the vapor density also. 


Solution 


From ideal gas equation, we have pV = nRT, or 


Illustrations Based on Mercury Column 


yt x 0.082 x 723 


pV= (=) RT = — = 
M 760 1000 M 
= M = 255.67 g mol" 
The number of atoms of sulphur in one molecule = M/32 = 
255.67/32 = 8. So, the molecular formula of sulphur = S,. 
Now, vapor density is 


Vapor density = = a" = 127.84 


Consider a test tube open at one end and closed at other that encloses an air column 7 cm long by a 10 cm long Hg col- 
umn as shown in Fig. 3.10(a). Let the area of cross-section be A and pressure due to air-column be p. The forces acting 
on the Hg column are as illustrated in Fig. 3.10 (b). Hg is in equilibrium and both the forces will be in equilibrium. So, 


pA=76 A> p= 76 cm of Hg 
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Air Hg column 


<— Open end 


Wd 

<< = 

= Tic pa) <— pam XA 76 cm of Hg 
(b) 


(a) 


Figure 3.10 (a) Mercury and air column. (b) Forces acting on mercury column. 


We can determine the length of air column for the following conditions: 


(a) When the test tube is held vertically with open end upwards (Fig. 3.11). The forces acting on the Hg column are 
depicted in Fig. 3.11(b). 


[aon 


- Oe 


(A, 


piA 
(a) (b) 
Figure 3.11 (a) Test tube held vertically with open end upwards. (b) Forces acting on Hg column. 


Pressure 


Since Hg is a liquid, its volume will not change. Let p be the density of Hg. Then, 
76Apg + 10Apg = p,A 


PD, = 86pg or 86 cm of Hg 


For the air which is enclosed, the number of moles and temperature is constant. Therefore, from Boyle’s law 
PV, = DV, 
76x7A=86x1lx A 
1, = 6.18 cm 


(b) When the test tube is held vertically with open end downwards as shown in Fig. 3.12(a). Then forces acting on the 
Hg column are depicted in Fig. 3.12(b). 


PoA 


! 
2b 


(A, 


f 


76 Apg 


(a) (b) 
Figure 3.12 (a) Test tube held vertically with open end downwards. (b) Forces acting on Hg column. 
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Hers; p,A = (76-10) Apg 
DP, = 66,8 or 66 cm of Hg 


Again applying Boyle’s law, we get 
76x7xA=66x1,xA 


lL, = 8.06 cm 


(c) When the test tube is held vertically at an angle of 30° with the horizontal as shown in Fig. 3.13(a). Then the forces 
acting on Hg column are depicted as shown in Fig. 3.13(b). 


i Apg 
& pAgsin30° 
PA 
(a) (b) 


Figure 3.13 (a) Test tube held vertically at an angle of 30° with the horizontal. (lb) Forces acting on the Hg column. 


Then pA = (76+ 10sin 30°) pAg 
P; = 81pg or 81cm of Hg 


From Boyle’s law 
76x7A=81xl,xA 


L,= 6.56 cm 


Solved Example 


A 20L cylinder contains He at 20 atm and 300 K tempera- 400/300.R 
ture. Helium in the container is used to fill balloons of 2L._ Then, number of balloons = 27300R 
at a pressure of 1 atm and T = 300 K. Find the number of 


balloons that can be filled. ass 
This is a wrong answer! 


Method 2: Gas flows only when there is pressure differ- 


Solution 


Method 1: 
Number of moles in the cylinder =n 


cylinder 

- PV _ 20x20 400 
RT Rx300 300R 

Number of moles in 1 balloon = Nyon 


N eytinder 


Therefore, pV 1x2 2 


Nyatioon = Fm ~ 
RT Rx300 300R 


ence. Therefore, the moment the pressure in the cylinder 
is equal to pressure of gas, no moles will flow. Thus there 
will be moles in the gas cylinder that will not be used. 


Let the moles left in the cylinder = n,,,,. Then 
PV 1x20 
Ther, = a 
RT Rx300 


When p = 1 atm, no moles will flow. Therefore, number 
of balloons 


400 20 
_ 300R _300R _ 280 _ j 9 
a 2 

300R 
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3.5 | PAYLOAD 


Payload is defined as the maximum weight a balloon can lift. Consider the balloon A (Vpair)9 
and forces acting on it as shown in Fig. (3.14). 
Let the volume of balloon = V 

Pressure of gas inside balloon = p Gas 
Temperature of gas = T 

Density of gas = p,,, 

Then, mass of gas inside balloon = (p,,,)V Air 
For any object of volume V submerged in a fluid of density p,,,,,, it will experience 
a buoyancy force upwards 


Balloon 


e (M) material 9 ¥ (Vpgas) 
F = F Pgas)9 
| buoyancy (Aruia Veg Payload 
Therefore, in the given case = ‘ 
— =(p,,)Vg Figure 3.14 Payload. 


Also balloon will be made of some material, so let us set the mass of material of balloon = M,,,,.,i- Then because the 
balloon is rising up, the maximum weight this balloon can lift up = payload. Therefore, it acts downwards. Since we are 
calculating the maximum weight the balloon can carry, these forces should equal, that is 


VP ir B = Vas + M ppaterial x &§ + Payload 


Payload = V(Gix = Ps JE a M ssatesint x § 


Pair Mix PrasM gas 
Payload =V & M eee 
RT,;, fe Tis 


Thus to increase the payload: 


1. V should be the maximum. 


2. Molecular weight of the gas should be least or lighter gas. So the best gas, theoretically, will be hydrogen with least 
molecular weight. 


3. Temperature of gas should be high. Thus we heat the air and balloons are known as hot air balloons. 


Note: In problems, when mass of material is not provided, neglect it. 


3.6 | VARIATION OF PRESSURE WITH CHANGE IN DENSITY OF FLUID 


To understand the variation of pressure with change in fluid, consider Fig. 3.15(a). To understand the variation of 
pressure with changing height of the column, we consider a small section of the column with height dh as shown in 
Fig. 3.15(b). Then the force diagram on the fluid column section is depicted in Fig. 3.15 (c). 


p+dp 
ah (p + dp)A 
p 
| (A ahieg 
Po fp a 
(a) (b) (c) 


Figure 3.15 Variation of pressure with height in a fluid column. 


Let the pressure at the bottom of the fluid column = p, 
At a height h, pressure = p 


Area of cross-section = A 
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3.7 | Faulty Barometer 


From the force diagram on the fluid column, we have 
(p+dp)A+ Apgdh= pA 


dp =-pgdh 
dp _ 
at PS& 


Pp h 
For liquid, density of liquid is constant. Therefore, i} dp = -| pgdh 


Po 0 
P — Py =—pgh 
pM M. 
For gases, 9 = ——,so __ PME 
gases, p= dp =—? Ban 
h 
j2--(“a 
ae ;, RT 
int 2. |= —M8h 
Po RT 
_Mgh 
Pp=pp * 
Also, _Mgh 
p=ap* 


where p = density at height h = h and p, = density at height h = 0. 


3.7 | FAULTY BAROMETER 


In an ideal barometer (Fig. 3.16), pressure at point A should be equal to zero, 
but since perfect vacuum cannot be created, therefore, the pressure at A will not 
be zero. As a result, there will be an error in the measurement of pressure. For 
example consider a faulty barometer that reads 740 mm of Hg at an actual pres- 
sure of 750 mm of Hg. It reads 720 mm at the pressure of 728 mm of Hg. We need 
to determine the actual pressure when the barometer reads 750 m. 


Figure 3.16 Barometer. 
Consider the barometer in the first case, as shown in Fig. 3.17(a). 


Figure 3.17 Faulty barometer. 


Then the pressure of the gas is p,,, = 750 — 740 = 10 mm of Hg 
Now in the second case [Fig. 3.17(b)], pressure of the gas is 


Peas = 128 — 720 = 8 mm of Hg 
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To determine the actual pressure, when the barometer reads 750 mm of Hg, consider Fig. 3.17(c).The gas enclosed 
above Hg column is at constant T and has constant moles, therefore, we can apply Boyle’s law. 
The length of tube in the first case = 740 + x 
Therefore, the length of the tube in the second case will remain the same. So 
y+ 720 = 740 +x 
y=204+x 
Similarly length of tube in third case 
Z+ 750 = 740 + x 
z=x-10 
Applying Boyle’s law in first and second case 
10 x x = 8(x + 20) 
2x =8 x 20> x = 80 
Applying Boyle’s law in second and third case 
Peas X (% — 10) = 8(y) 
Days (70) = 8(100) 
Peas = 11.42 mm of Hg 
Therefore, the actual pressure = 750 + 11.42 = 761.42 mm of Hg 


3.8 | DALTON’S LAW OF PARTIAL PRESSURES 


Gas mixtures obey the same laws as pure gases, so Boyle’s law applies equally to both pure oxygen and to air. However, 
at times we need to consider the composition of a gas mixture, such as when we are concerned with a pollutant in the 
atmosphere. In a gas mixture, each of the components has the same volume and the same temperature. 

In a mixture of non-reacting gases such as air, each gas contributes to the total pressure in proportion to the frac- 
tion (by moles) in which it is present. This contribution to the total pressure is called the partial pressure of the gas. 
It is the pressure the gas would exert if it were the only gas in a container of the same size at the same temperature. 

The fact that pressure, like volume, does not depend on the identity of the gas was first suggested by John Dalton, 
author of modern atomic theory. Another gas law resulted. Dalton’s law states that the total pressure of a gas in a 
system is the sum of the partial pressures of each component gas. The partial pressure of a specific gaseous element or 
compound is defined as the pressure due to that substance alone. Mathematically, this can be stated as 


Protat = Pxyt Pat Do Ar onc (3.21) 


where P,,,,, 18 the total pressure of the mixture, and p,, P,, P-. etc. are the individual pressures of components A, B, C, etc. 

When gases that do not react with water are prepared in the laboratory, they can be trapped over water by an 
apparatus like that shown in Fig. 3.18. Because of the way the gas is collected, it is saturated with water vapor and we 
say the gas is “wet”. Water vapor in a mixture of gases has a partial pressure like that of any other gas. 


The pressure inside 
i the bottle equals 


Atmospheric 
pressure 


Figure 3.18 Collecting a gas over water. 
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The vapor present in the space above any liquid always contains some of the liquid’s vapor, which exerts its own 
pressure called the liquid’s vapor pressure (aqueous tension). Its value for any given substance depends only on the 
temperature. 

If we have adjusted the height of the collecting jar so that the water level inside matches that outside, the total 
pressure of the trapped gas equals the atmospheric pressure, so the value for p,,,,; is obtained from the laboratory 
barometer. We, thus, calculate p4,, ,., Which is the pressure that the gas would exert if it were dry (i.e., without water 
vapor in it) and inside the same volume that was used to collect it. Pressure exerted by saturated water vapor is called 
aqueous tension. The correction term is applied to the total pressure to obtain pressure of dry gas is 


Paty gas = Proar ~ AQueous tension (3.22) 


where P,,,.: 18 the sum of the partial pressure of non-reacting gases that are present together. 


Relative Humidity 


Humidity is the moisture content in the air. Relative humidity is defined as the ratio of the partial pressure of moisture 
in air to its vapor pressure. It is mathematically expressed as 


Py,o in air 


% Relative humidity = x 100 (3.23) 


Vapor pressure of H,O 


The pressure of saturated vapors is independent of volume, so out of all the gas laws they obey only Dalton’s law of 
partial pressure. If the % humidity in the air is higher, then the molecular weight of the mixture is lower. Also, humid 
air is lighter than dry air. 


Solved Example | 3-21 


On a certain humid day, the mole fraction of water vapor Puo = X4,0 X Protar = 9-0287 x 0.977 bar = 0.028 bar 
in air at 25°C is 0.0287 If total pressure of air is 0.977 bar, : : 


calculate the partial pressure of water vapor in air and 5 , age Pu,o in air 
: oes . and %Relativehumidity = 
relative humidity if vapor pressure of water at 25°C is Vapor pressure of H,O 
0.0313 bar. 0.028 
x 100 = —— x 100 = 8.94% 
Solution oe 


Here, mole fraction of H,O (x44) = 0.0287, p,..4) = 0.977 
bar. Therefore, : 


Solved Example | 3-22 | 


Assuming that dry air contains 79% N, and 21% O, a pV _ 1x1 =9 04090 mol 
by volume, what is the density of moist air at 25°C and &S RT 0.0821x298 
1.0 atm when the relative humidity is 60%? The vapor The number of moles of N, = 0.0409 x 0.79 = 0.0323 mol 
pressure of water at 25°C is 23.76 mm Hg. and mass of N, = 0.0323 x 28 = 0.9044 g 

: The number of moles of O, = 0.0409 x 0.21 =0.0086 mol and 
Solution mass of O, = 0.0086 x 32 = 0.2752 g 
From the given data we have, vapor pressure of H,O = The number of moles of H,O in 1 L of moist air is 


0.6 x 23.76 mm Hg = 14.256 mm Hg 


The number of moles of gas in 1 L dry air is 22 es 


RT 0.082 x 298 


= 7.28x 10“ mol 
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Therefore, and mass of H,O = 76 x 10™ x 18 = 0.01368 g 
Now, the density of moist air is 


My, +Mo, +My,9 _ 0.9044 + 0.2752 + 0.01368 
V 1 


=119 gL? 


p= 


Solved Example | 3-23 | 


What is the density of moist air with 90% relative humid- 
ity under the condition of 1 atm pressure and 25°C. The 
vapor pressure of water at 25°C is 23.7 torr and dry air has 
76% N, and 24% O.,. Find the difference in the density of 
dry air and moist air at the given condition. 


Solution 


The vapor pressure of H,O at 25°C is 23.7 mm of Hg. The 
average molecular weight is 


Myg = 0.76 x 28 + 0.24 x 32 = 21.28 + 7.68 = 28.96 gmol! 


The relative humidity is 


Partial pressure of H,O , 


Relative humidity = 100 


Vapor pressure of H,O 


PM. 
RT 
Puyo = 23.7 0.9 = 21.33 torr = 0.028 atm 


Now, M noist air = (28.96 x 0.972) + (18 x 0.028) = 28.147 
+ 0.504 = 28.65 g mol”. 
Substituting these values, we get the density as 


where density is p= 


and 


Proist air = PM ois an = = ma = 1.171 g | Ba 
RT —_(0.0821x298 
x M an oie : 
Pay ie = = ee ie gL 
: RT 0.0821 x 298 


The difference in density is 
Ap = Pary air Proist air — 1.1836 a 1.1710 
= 0.0127 gL" 


Solved Example | 3-24 | 


On a humid summer day, the partial pressure of water 
in the atmosphere is 18 mm Hg. If the barometric pres- 
sure on this day is a high 766 mm Hg, what are the par- 
tial pressures of nitrogen and of oxygen if 78.0% of the 
dry atmosphere is composed of nitrogen molecules and 
21.0% is oxygen? (1% of the dry atmosphere is composed 
of all other gases.) 


Solution 


The pressure of dry atmosphere is given as 


Partial Pressure in Terms of Mole Fraction 


Prary atmosphere) = Prot ~ Px,0 = 766 —18 = 748 mm Hg 


The pressure of nitrogen and oxygen gases are calculated 
as follows: 


Px, = 748 = 583 mm Hg 
= 71 74g = 157 mm H. 
Po, = 100 = & 


The mole fraction is the ratio of the number of moles of a given component to the total number of moles of all com- 
ponents. Expressed mathematically, the mole fraction of substance A in a mixture of A, B,C, ... ,Z substances is 


Na 


Xa 


where x, is the mole fraction of component A, and n,, Ng, Nc «-- 


Ny +Ng tno t+...+Nz 


, Mz are the numbers of moles of each component, 


A,B,C, ... ,Z, respectively. The sum of all mole fractions for a mixture must always equal 1. 


Note: Sometimes the mole fraction composition of a mixture is expressed on a percentage basis; we call it mole 
percent (mol%). The mole percent is obtained by multiplying the mole fraction by 100 mol%. 
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The total pressure of a mixture of gases can be extended to the ideal gas law. For example, consider a container with 
three constituent gases A, B and C with total pressure = p,,,,,, volume = V and containing 1,, 1, and n, moles of con- 
stituents A, B and C, respectively, at a temperature = T. 

Let the pressure due to constituent A = p, = partial pressure of A. For each of the constituent, total volume = V. 
Applying ideal gas equation on A, we have 


PAV =n, RT 
Similarly for B, PpV =n,RT 
Similarly for C, DV =n. RT 


Applying ideal gas equation for the total mixture, we get 
ProaV = (Na + Ng + N)RT 
Dividing gas equation for A with gas equation for mixture, we get, 


Pa _ Na — My _ 
Xa 
Poa Ca tNgtnc Nn 


total 


Therefore, 
Pa=Xx * Protar 


Pg= Xp * Protat 
Po= Xe * Protai 


Adding, we get 
Pat Ppt Po= (x4 + XR + te) Protal 


So, partial pressure of any component in a mixture = (mole fraction of component) x (total pressure). 
As the sum of mole fractions is 1, we get 


Pat Pat Po = Prorat 


yf ‘ MpRT noRT 
4 V V 


Goat = 10 wp wie = (3.24) 


We see that, at a given temperature, the pressures of gases depend only on the total number of moles present. Therefore, 
partial pressure data can be used to calculate the mole fractions of individual gases in a gas mixture. Now, Eq. (3.26) 
can be rearranged as 


RT 
Proa = (M4 +g + Nc) oz (25) 
Dividing p, =n,RT/V by Eq. (3.25) we get 
RTV 
a ele Xa (3.26) 


Pra Mx t+ng+ne RIV 


Thus, the mole fraction of a gas in a gas mixture is simply the ratio of its partial pressure to the total pressure. Equation 
(3.26) also gives us a simple way to calculate the partial pressure of a gas in a gas mixture when we know its mole fraction: 


Pa = X 4 Protat 
The general equation for the ith fraction can be written as 
Pi = X; Prorat (3.27) 
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Solved Example | 3-25 | 


A sample of oxygen is collected over water at 20°C and 
a pressure of 738 mm Hg. Its volume is 310 mL. (a) What 
is the partial pressure of oxygen? (b) What would be its 
volume when dry at STP? 


Solution 


To calculate the partial pressure of the oxygen, we use 
Dalton’s law. We will need the vapor pressure of water at 
20°C, which is 175 mm Hg. 


Po, = Prorat 7. Prwater vapor = (738 i 17.5) mm Hg = 720 mm Hg 


The answer to part (a) is that the partial pressure of O, 
is 720 mm Hg. For part (b), we will begin by assembling 
the data. 


Initial (1) Final (2) 

p 720mm Hg (which 760 mm Hg (standard pressure) 
is Po, ) 

V 310 mL 2 

T 293 K (20.0°C + 273 K (standard temperature) 
273) 


We use these in the combined gas law equation: 


DV, = PWV, 
T, T, 


Solving for V, and rearranging the equation a bit we 


have 
P 1 


Now we can substitute values and calculate V,. 


)- 274 mL 


“= si0mix 720 mm Hg (2 K 
760 mm Hg 293 K 


Thus, when the water vapor is removed from the gas 
sample, the dry oxygen will occupy a volume of 274mL 
at STP. 


Solved Example | 3-26 | 


Sulphur dioxide and oxygen react according to the equa- 
tion 2SO,(g)+O,(g) > 2SO,(g). If 50.0 g of SO,(g) is 
added to a flask resulting in a pressure of 0.750 atm, what 
will be the total pressure in the flask when a stoichiomet- 
ric amount of oxygen is added? (Hint: This problem gives 
you more information than is needed.) 


Solution 


Since the stoichiometric ratio of the SO, and SO, are the 
same, the pressure in the flask after the reaction when 
the only substance in the flask is SO, will be the same as 
the pressure in flask when there is just SO,, 0.750 atm. The 
pressure will be 1.125 atm when the O, is just added. 


Solved Example | 3-27 | 


What is the mole fraction and the mole percent of oxygen 
in exhaled air if po, is 116 mm Hg and p,,,,, is 760 mm Hg? 


Solution 
ge ae) i501 183% 
: Protat 760 


Solved Example | 3-28 | 


A mixture containing 1.6 g of 0,, 1.4g of N, and 0.4 g of 
He occupies a volume of 10 L at 27°C. Calculate the 
total pressure of the mixture and partial pressure of each 
compound. 


Solution 


Given that V = 10 L, T = 27°C = 300 K. The number of 
moles is 


https://telegram.me/unacademyplusdiscounts 


egram Munacademypiusaiscounts 


Tele C 
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pe 0.4 _ Ot mm < 14 _ (03 ve = 16_ 0.05 As partial pressure = total pressure x mole fraction, we 
+ > 28 * 82 have 
Therefore, the total number of moles = 0.1 + 0.05 Pue = 9.492 x we 0.246 atm 
+ 0.05 = 0.2 0.2 
Using the ideal gas equation pV = nRT and substitut- Py, = 9.492x ae 0.123 atm 
ing the values, we get : : 
0.05 
pV =nRT => px10=0.2x 0.082 x 300 = p = 0.492 atm Po, = 9.492 x Cn 0.123 atm 


Solved Example | 3-29) 


Pressure of 1 g of an ideal gas A at 27°C is found to be 2 lg lg 2g 

bar. When 2g of another ideal gas B is introduced in the 2 barxV = vo and 3 barxV = a - <8) RT 
same flask, at same temperature the pressure becomes 3 * - . 

bar. Find a relationship between their molecular masses. | From the two equations, we get 


ean 3 Case (M,+2M,)(M,-Mz) 
+ . 
Mass of gas A, w, = 1g and mass of gas B, w, = 2g. The 7 zl Si=a 8 arr As 
pressure exerted by gas A = 2 bar and the total pres- 2] a 
sure due to both the gases = 3 bar. Here the tempera- My 
ture and volume remain constant. If M, and M, are the M,+2M, 2M, 
. —) = 1+ 
molar masses of the gases A and B, respectively, one can M, M, 
write, 
M, 3 1 My, 1 
Wa Wr Wp This gives, A= -l=->5—‘=->M,=4M, 
PV=TART and PyyV =| ~4+~® |RT M, 2 2 M, 4 
My My B 


Thus, the molar mass of gas B is four times the molar 


Substituting the given values, we get mass of gas A. 


3.9 | GRAHAM'S LAW OF EFFUSION AND DIFFUSION 


Diffusion is the spontaneous mixing of the molecules of one gas, with molecules of another gas. For example, the 
aroma of the food, the fragrance of a perfume, etc. Effusion, on the other hand, is the gradual movement of gas mol- 
ecules through a very tiny hole into a vacuum. The rates at which both of these processes occur depend on the speeds 
of gas molecules; the faster the molecules move, the more rapidly diffusion and effusion occur. 

The Scottish chemist Thomas Graham (1805-1869) studied the rates of diffusion and effusion of a variety of gases 
through porous clay pots and through small apertures. Comparing different gases at the same temperature and pres- 
sure, Graham found that their rates of effusion were inversely proportional to the square roots of their densities. This 
relationship is now called Graham’s law. 


Effusion rate (r) = ae (when compared at the same T and p) (3.28) 


in 


Graham’s law is usually used in comparing the rates of effusion of different gases, so the proportionality constant can 
be eliminated and an equation can be formed by writing the ratio of effusion rates. 
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We know that the density of a gas is directly proportional to its molar mass. Therefore, we can re-express the equation 


as follows. 

Ix _ JA _ M, 

Th af Pr My, 
where M, and M, are the molar masses of gases A and B. Molar masses also affect the rates at which gases undergo 
diffusion. Gases with low molar masses diffuse (and effuse) more rapidly than gases with high molar masses. Thus, 


hydrogen with a molar mass of 2 will diffuse more rapidly than methane, CH,, with a molar mass of 16 g mol. 
If diffusion occurs at different pressures, p, and p,, then 


1/2 
Loe ta x Pe (3.29) 


_ Volume diffused(V) | Moles diffused() _ Distance travelled (/) 
~ Time interval(t) ‘Time interval(¢) —‘ Time interval (f) 


where 


Also, r < (T)'”, where T is temperature and r ~ area of orifice (in case of effusion). 


Rate of effusion/diffusion = Moles diffused _ Pressure drop : Volume diffused 


time time time 
Consider the example of nitrogen gas (N,) in a porous container (Fig. 3.19). Let 
us determine if oxygen (from the air) and nitrogen will diffuse. Here N, is at m2 AIF 
1 atm and the air outside at one atmospheric pressure contains oxygen at 0.21 atm iain 
and nitrogen at 0.79 atm. So in this case N, will diffuse outside the container O, Mg 
will go inside the container. 


Figure 3.19 Diffusion of oxygen 


The rate of effusion can also be used for separation of isotopes with different and nitrogen. 


molecular weights. For this purpose, a series of effusion steps in different con- 
tainers are used. 
Given that mass of isotope A, M, = 10 and mass of isotope B, M, = 12. 

1 3 
Let the initial mole ratio of A:B be —* = = and the required mole ratio ma a I 

ng Np 

In other words we want to enrich the lighter isotope A through multiple diffusions. The experimental set-up for this 
is depicted in Fig. 3.20. 


Container 1 Container 2 Container 3 Container 4 Container n 


Figure 3.20 Experimental set-up for separation of isotopes through effusion. 


UN 
Let the rate of effusion from first container to second be (%) , therefore, 
B/| 
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Ty | _| Pa Ms 2 
B), Pa), My, 
(3) -(2)G8) 
Ts J, ny ),\ Ma (3.30) 


Let the rate of effusion from second container to third container be [4] , therefore, 
ty }> 


1 
mtsital 
"BR )o Pz /> M, 
7 
Ce) Ca) lat) omy 
ts )5 Ng ), M, 
Also as container 2 is evacuated, in the beginning. 


[+] -(4) (3.32) 


Similarly for the n" container 


r n 
Also (% = (2 
', n-1 Np n 


Therefore, 


The given and required molar ratio is 


Ha \ ae 
na), 4 
and M, = 10, M, = 12. Substituting values, we get 


log( 3 }* a log{ 1] = loe( 3] 


Thus we can find “n” or the number of steps (n — 1) to get the required mole ratio. 
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Variation of Pressure inside a Container during Effusion of a Gas 


If the given pressure inside a container is p,, we can determine the pressure inside the container at a time ¢ = , as 


follows. 


Let the molecular weight of gas be M. Let the pressure at any time ¢ = ¢, be p,. Then 


(rate), =k ual 


where k is a constant. 


The drop in pressure with time is 2. 
t 


Therefore, total pressure drop with time is 
Po 


at 


JM 


jee 


py» Pi 0 


Therefore, 


JM 


P= Poe 


k 


+t 


JM 


Thus during effusion/diffusion, pressure inside the container falls exponentially as shown in Fig. 3.21. 


Pot 


>t 


Figure 3.21 Variation in pressure of gas inside a container due to effusion. 


Solved Example | 3-30) 


When you look directly up at the sky, you are actually 
looking through a very tall, transparent column of air 
that extends from the surface of the earth thousands 
of kilometers into space. If the air in this column were 
liquefied, how tall would it be? The density of liquid air 
is 0.89 g mL". 


Solution 
1 atm = 1033.228 g cm™~ 


1 3 
Column height = (1033.228 pom) 2) = 1,200 cm = 
12m 0.89 g 


Solved Example | 3-31 | 


A small quantity of gaseous NH, and HBr are introduced 
simultaneously into the opposite ends of an open tube that 
is 1 m long. Calculate the distance of the while solid NH,Br 
formed from the end that was used to introduce NH,. 


Solution 


By Graham’s law of diffusion 


CE es le 
Typr Myu, 17 


Thus, NH, travels 2.18 times faster than HBr. In other 
words, NH, will travel 2.18cm in the same time in 
which HBr travels 1cm. Given that the length of the 
tube = 100cm. 

Therefore, distance travelled in the tube by 


H,= ane x 100 =68.55cm 
2.18+1 


Thus, NH,Br will first appear at a distance of 68.55 cm 
from NH, end. 
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Solved Example | 3-32 


Pure O, diffuses through an aperture in 224 s, whereas uM. V,,. 
mixture of O, and another gas containing 80% O, diffuses xv = Vi = 
from the same in 234 s under similar condition of pressure sa 02 “ 
Mine 1 
, > x 
32 224 


Enix 
t 0, 


234 [Mix 
1 32 (2) 
On solving, we get M, 


mix = 34.92 g mol. Thus, substituting 
in Eq. (1), we get molecular weight of gas (™m) as 


lo, 
; 


and temperature. What is molecular weight of gas? 


Solution 


The gaseous mixture contains 80% O, and 20% gas. The 
average molecular weight of mixture is 


_ 32x80+20xm 


M mix 
100 


(1) a 34.92 x 100 — 32 x 80 
20 


= 46.6 g mol 


a YM x, where x; = mole fraction. Now for diffu- 
sion of gaseous mixture and pure O, 


Solved Example | 3-33 | 


Equal volumes of two gases A and B diffuse through a r, V/20s M, 
porous pot in 20s and 10s, respectively. If the molar mass r VAOs VM 
of A be 80 g mol", find the molar mass of B. ” = 


as M 


where rate (7) =volume diffused/time interval. Simplifying, 


Solution we get 
Let V be the volume of the two gases diffused out. Then 10 |[M, 100 4 
according to Graham’s law 70° V 80. => M, = 400 x 80 = 20 g mol 


3.10 | KINETIC THEORY OF GASES 


The kinetic molecular theory of gases was proposed to understand at molecular level in gases for their conformity to 
gas laws. The theory consisted of a set of postulates that describe the makeup of an ideal gas. 


Postulates 


1. A gas consists of large number of particles, identical in shape and size, which are all spherical in shape. 


2. The gas particles themselves occupy a net volume so small with respect to the volume of their container that their 
contribution to the total volume can be ignored. Hence, they are considered as point masses. This is the reason 
why they are highly compressible. 


3. All molecules are in a state of constant random motion and during their motion they collide with each other and 
with the walls of the container. The particles often collide in perfectly elastic collisions with themselves and with 
the walls of the container, thereby exerting pressure. During collisions, there is exchange of energy leading to 
change in individual energies but the total energy remains constant. They move in straight lines between collisions 
neither attracting nor repelling each other. 

4. The temperature of a gas is related to the average kinetic energy of the gas molecules. The average kinetic energy 
is directly proportional to the absolute temperature. When the volume is kept constant, an increase in temperature 
leads to an increase in pressure. The increase in temperature in turn increases the kinetic energy of the particles 
which then hit the walls of the container exerting pressure. Also, at the same temperature, different gases have the 
same average kinetic energy. 


5. Ata given time, different particles in a gas have different kinetic energies as their energies change when they collide. 
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6. Absolute zero: The kinetic theory found that the temperature is proportional to the average kinetic energy of the 
molecules. 


T « Average molecular knietic energy « xm (3.33) 


If the average molecular kinetic energy becomes zero, the temperature must also become zero. But mass (m) 
cannot become zero, so the only way that the average molecular kinetic energy can be zero is if v goes to zero. 
A particle cannot move any slower than it does at a dead standstill, so if the particles stop moving entirely, the 
substance is as cold as anything can get. It is at absolute zero. 


The force of interaction between any two gas particles is zero. 


Prediction of Gas Laws 
The kinetic theory explains the properties of gases as well as the gas laws described earlier. 


1. Boyle’s law: If we compress a gas without changing its temperature, the average kinetic energy of the gas particles 
stays the same. There is no change in the speed with which the particles move, but the volume of the container 
is smaller. Thus the particles travel from one end of the container to the other in a shorter time and hit the walls 
more often. Any increase in the frequency of collisions with the walls must lead to an increase in the pressure of 
the gas. Thus the pressure of a gas increases as the volume of the gas decreases. 


2. Gay-Lussac’s law: The kinetic theory tells us that increasing the temperature increases the average velocity of gas 
particles. At higher velocities, the particles strike the container’s walls more frequently and with greater force. If 
the volume remains the same, the area being struck remains the same, so the force per unit area (the pressure) 
must increase. Thus, the kinetic theory explains how the pressure of a fixed amount of gas is proportional to tem- 
perature (at constant volume). 


3. Charles’ law: The kinetic theory predicts that increasing the temperature of a gas should increase the pressure 
if the volume does not change. However, suppose we wished to keep the pressure constant when we raised the 
temperature, we could only do this if we allowed the gas to expand. Therefore, a gas expands with increasing Tin 
order to keep p constant, which is another way of saying that V is proportional to T at constant p. 


4. Dalton’s law of partial pressures: The law of partial pressures is actually evidence for that part of the kinetic 
theory that states that particles of an ideal gas moving in straight lines between collisions, neither attracting nor 
repelling each other. Only if the molecules traveled in straight lines with no attractions or repulsions would their 
individual pressures not be influenced by near misses or by collisions between the molecules. By not interacting 
with each other, the molecules act independently, so each gas behaves as though it were alone in the container and 
the partial pressures of the gases add up in a simple way to give the total pressure. 


Derivation of Kinetic Gas Equation 


The kinetic gas equation gives the relationship between temperature ad average kinetic energy and is usually written 
in the form 


1 
V =—mnaw 
os 
where p is the pressure exerted by the gas, V is the volume of the gas, m is the mass of each molecule of the gas, n is 
total number of molecules present in volume V and wu is the root mean square speed of the gas. 


Now, pV = Smmue ==x= mnt =2x— Me 


where m x n= M is the total mass of the gas. But (1/2)Mu’ = kinetic energy of the gas. Therefore, 


2 
VelKE 
ee 
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3 
or Ree for 1molof the gas 
But for 1 mol of the gas, the ideal gas equation is pV = RT. Thus, 


KE s— = RT for 1molof the gas (3.34) 


To get average kinetic energy per molecule, divide both sides of Eq. (3.34) by the Avogadro’s number, N,, that is, the 
number of molecules present in 1 mol of the gas. Thus, we have 


Average K.E.= peed 
2N, 
3 
or keen ae (3.35) 


where k = R/N, is called Boltzmann constant. From Eq. (3.35), we observe that 
Average K.E. « Absolute temperature of the gas irrespective of the nature of the gas 


Kinetic Energy of Gas and Average, Most Probable and Root Mean Square Speeds 


The molecules of gases are always in motion and collide with each other and with the walls of the container. These 
collisions cause the speed and kinetic energies of the individual molecules to change. At a given temperature, if n, 
molecules of a gas have speed u,,n, molecules have speed u, and so on, then the total kinetic energy of gas molecules 
is given by 


K.E.= Sm(nt + NyUy + Nyy +...)° 
where m is the mass of gas molecule. Then the average kinetic energy (K.E.) of the gas will be given by 


—— 1 m(nuy +nju; +n,u; +...) 


kere 
2 (n, +n, +n, +...) Cie) 
(nu; +njuy+njust...) chp ot 
If the term a =u,,, then substituting in Eq. (3.36), we get 
(n, +n, +n, +...) 
es 
keEa— ens (G37) 
where u,,,, is known as the root mean square (rms) velocity and is given by 
1/2 
(nu; +n,u; +nu; +...) ye, nu, 
Urms = aa (3.38) 
(Oj FET Ae Pa) Don 


It is calculated by first taking squares of individual velocities, taking their mean and then the square root of the mean. 
The root mean square velocity is related to the temperature by the relation 


[3RT 
ae 3.39 
Urms M ( ) 


The average kinetic energy of gas molecules, however, is constant at a given temperature and is related to the absolute 
temperature by the relation 
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KE. = ae 
DN 


(3.40) 


where k is the Boltzmann constant = 1.38 x 10° JK". 


Note: The average kinetic energy per mole (K.E.) 
the Avogadro’s number (N,). 


is equal to kinetic energy per molecule (K £,) multiplied by 


avg 


(K.E.),,, =Ns xSKT = SRT 


avg 


In principle, we can find the average speed (u 
of different molecules of the gas. 


) of the molecules in a gas by taking the arithmetic mean of the speeds 


avg. 


th Fe FS) Ynu, 


Uu, 
(n, +n, +n, +...) yn, 


avg 


The average speed is related to the temperature by the relation 


8RT 
= 3.41 
Unyy mM ( ) 


The most probable speed (u,,,) of the gas molecules is the speed possessed by maximum number of molecules at a 
given temperature. It cannot be expressed in terms of speed of individual molecules as in the case of average and root 
mean square speed. It is related to the absolute temperature by the expression: 


[2RT 
Unp = oe a (3.42) 


A molecule is more likely to have speed u,,, than any other speed, but some molecules will have speeds that are many 
times the most probable speed. 


Note: Total kinetic energy is the sum of translational, vibrational and rotational kinetic energies. The total kinetic 
energy is equal to the translational kinetic energy for monoatomic gases as they do not possess vibrational and 
rotational motion but only have translational motion. 


Relation Between Different Types of Molecular Speeds 


The three types of molecular speeds of gas molecules are related to each other as: 


2RT /|8RT  |3RT 8 
: : = : : =e 3) = IL Alah IL SOO 8 IL 73 = 1 eI IS 2 Ll 3.43 
Un Uv Urns | M | nM M V2 ie v3 ( ) 


At a given temperature, the three molecular speeds can be arranged in the order: W,,, > Usyy > U 


rms * 


Note: Average speed = 0.921 x Root mean square speed 
Most probable speed = 0.817 x Root mean square speed 


Maxwell-Boltzmann Distribution of Molecular Speeds 


Speed of gas particles keeps changing due to collision of gas particles with the walls of the container and with other 
molecules. Therefore, speed does not remain constant, but the distribution of speed, that is fraction of molecules 
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having speed in a particular range remains constant for an isolated system. (An isolated system is one in which tem- 
perature, molar mass, pressure, volume and number of moles, etc. are constant.) 

For conditions of low gas density, the distribution of speeds within a large collection of molecules at a constant 
temperature was calculated by the Scottish physicist James Clerk Maxwell (1831-1879). Figure 3.22(a) displays the 
Maxwell speed distribution curves for O, gas at two different temperatures. When the temperature is 300 K, the maxi- 
mum in the curve indicates that the most probable speed is about 400 ms“. At a temperature of 1200 K, the distribu- 
tion curve shifts to the right, and the most probable speed increases to about 800 ms. 


A 


Most probable speed is 


a near 400 ms"! i 
8—| 300 K 
3 iy a 2.0 - 
Sel BL 
ES Most probable speed is ney 
Oo 3 near 800 ms*" is 
2s = 1.0 
2 = 
Be 1200 K = 
= ee 
o> Qo | 
2 
& L 4 ta Lit 
> 
800 1200 a 0 200 400 600 800 1000 1200 
Molecular speed (m s~') Speed (m s~') 
(a) (b) 


Figure 3.22 (a) Maxwell distribution curves for molecular speeds in oxygen gas at temperatures of 300 K and 
1200 K. (b) Maxwell speed distribution for oxygen molecules at T= 300 K with three characteristic speeds marked. 


Important features of the distribution curve are as follows: 


1. The fraction of molecules having too low or too high speed is very small. 

2. Atacertain speed, the fraction of molecules possessing it is the maximum. This is known as the most probable speed. 

3. The most probable speed is the speed possessed by the maximum number of molecules of the gas at a given tem- 
perature and corresponds to the peak in the curve. 


Maxwell derived an equation for distribution of speed using the concept of probability. Then the fraction of molecules 


having velocity between u and u + du is vi 


dN, mal i Jee an 
N 2aRT 


Here N is the total number of molecules, N, is the number of molecules having velocity between u and u + du, where 
du is small change in velocity. Then the Maxwell’s distribution curves are plotted between number of molecules having 
velocity between u and u + du per unit change in velocity as shown in Figs. 3.23(a) and (b). 


A 


dN, 
du 


Exponential 


Curve 1 


(a) (b) 
Figure 3.23 Maxwell's distribution curves. (a) Curve 1. (b) Curve 2. 


Total area under small part of curve 1 represents number of molecules moving with velocity between u and u + du. 
Therefore 


Area = aNe xdu=dN, 
du 
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Total area under curve 1 represents total number of molecules 


dN 
Total area = J aa du = Jan, =N 


Area under small part of curve 2 represents fraction of molecules having velocity between u and u + du 


Area = aN. x du= aN 
Nd N 
Total area = J aN J aNi 2 1 
N N WN 


Thus, the total area under curve 2 = 1. 
The graph curve 2 can be divided into two parts: 


1. Parabolic part: Near the origin, that is, in the lower velocity range, parabolic term u* dominates. In this range, the 
Mi? 
exponential term ( Aa is almost equal to 1. As u increases, dN, increases because dN, w’. 


2. Exponential part: In high velocity region, the exponential term dominates and the parabolic term (u’) is almost 


constant. As u increases, dN, decreases as dN, xe“. 


Maxwell’s speed distribution law can be stated as 


M BD ce 
P(u)=42 (5 ai ees (3.44) 
ua 


Here M is the molar mass of the gas, R is the gas constant, T is the gas temperature, and u is the molecular speed. It is 
this equation that is plotted in Fig. 3.23(b). The quantity P(w) in Eq. (3.44) and Fig. 3.22(b) is a probability distribution 
function: For any speed u, the product P(u) du (a dimensionless quantity) is the fraction of molecules with speeds in 
the interval du centered on speed u. This fraction is equal to the area of a strip with height P(w) and width du. The 
total area under the distribution curve corresponds to the fraction of the molecules whose speeds lie between zero and 
infinity. All molecules fall into this category, so the value of this total area is unity; that is, 


J, P@ du=1 (3.45) 
The fraction (f) of molecules with speeds in an interval of, say, u, to u, is then 


f=| : P(u) du (3.46) 


We know that the most probable speed (v,,,,) is related to the temperature by the expression 


[2RT 
Un») =4/-—— 
me M 


This relation is used to determine the effect of nature (molecular mass) of the gas and temperature on the molecular speeds: 
1. Since most probable speed is inversely proportional to the molecular mass, the lighter gases will move faster than 
heavier ones at the same temperature. 


2. The Maxwell distribution curve at two different temperatures [Fig 3.22(a)] shows that the curves undergo follow- 
ing changes with increase in temperature: 


(a) The entire curve shifts to the right. 

(b) The maximum shifts to higher speed values. 

(c) The spread of molecular speed increases. 

(d) The number of molecules having most probable speed decreases. 


(e) The fraction of molecules having lower speed decreases. 
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Effect of Temperature 


With increase in temperature, u,,, increases, that is, peak is shifted towards right hand side. Hence height of the peak 
decreases because area under the curve is constant. Therefore, of molecules having speed equal to u,,, decreases. 
In low velocity range: 


1 
dN, eS 732 
As temperature increases, the number of molecules having low velocity decreases. 
In high velocity range: a 
dN, «e? 


As temperature increases, the number of molecules having high velocity increases (Fig. 3.24). 


(Ump)1 (Ump)2 


Figure 3.24 Effect of temperature in low and high velocity range. 


Effect of Molar Mass 


With increase in molar mass, w,,,, decreases, that is, the peak is shifted towards left. Hence, the height of peak increases 
as the total area of the curve is constant. Therefore, total number of molecules having speed equal to w,,, increases. 
In low velocity region: 3 
dN,, « M? 
As M increases, the number of molecules having lower speed increases. 
In high velocity region: 
dN, «e™ 


L 


As M increases, the number of molecules having high velocity decreases (Fig. 3.25). 
A 


dN, 
Ndu 


Mp > M, 


(Ump)2 (Ump)1 


Figure 3.25 Effect of molar mass in low and high velocity range. 


Note: Distribution of speed will be the same for two gases if their M/T ratio is the same. 


Derivation of Different Types of Molecular Speeds 


Most Probable Speed (u,,,) 
We know that 


<= Mu2 
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3 . 2 
= _ Mu" 3 _Mu 
anv(“ Que 2RT _ 2Mu' 2RT |— 0 
2nRT 2RT 


[2RT [2RT 
u= > U,,, = 
M 7 M 


— U, Pity 
_ u,(dN,,,)+u,(dN,,,)+...uj(dN,,;) 


Solving, we get 


Average Speed (u 


La 


Solving, we get 


Root Mean Square Speed (u 


ae 


Solving, we get 


Derivation of Kinetic Gas Equation 


js 


emvi 


lusdiscounts 


Let us consider a cubic container of length / with one particle of mass = m, travelling with speed u, in x-direction 


(Fig. 3.26). 


Total number (I 
of molecules 


a 
| 


Figure 3.26 Cubic container with moving particle. 


Now since all collisions are elastic, the speed of particle after collision with the wall of the container = uw, in the oppo- 


site direction. Therefore, change in momentum of the molecule 


AP molecule = m(u, ) oA m(+u, ) = 2mu, 


Whenever a collision occurs, the total change of momentum of bodies involved in collision = 0, that is, 


AP otecule a AP ya = 0 
AP wat = 2mu, 


x 


Total time taken by molecule to return = 4) 


Therefore, number of collisions made by the molecule in one second = (s] 
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Then, total change in momentum of wall by one molecule per unit time = 2mu, x 7 = ~ 
my iu, 
Therefore, change in momentum of wall by all molecules per unit time = ; - 
(Because all particles will have different w,.) : 
m)>u 
The force applied on the wall is equal to rate of change of momentum = 2 - 
The pressure is given by 
MY ue MYiw MYu 
af 2. 1 _ Pas _ bar 
A l P P 4 
where V is the volume of the container. Then 
pV=M y u; 
u= u,itu,j+u,j 
Thus velocity of any molecule is 
us ultu,+u, 
For all molecules 
yD em 
Since the motion of molecules is completely random, we have 
De = Le = Due 
es 
Therefore, > ur = - 
1 2 
Thus, pV= 3M@x u (3.47) 
1 uw 
pV = al 2.) 
3 a 
where a is the total number of molecules. Then 
1 2 
pV= 5 Ma u,;,,, 


We can go a step further and derive the ideal gas equation for one molecule as 
ve- M of 37) - 4 \per 
3\ N, M Na 


For 1 number of moles, we get the ideal gas equation as 
pV =nRT 


The expression for kinetic energy of gas molecules can be derived from Eq. (3.49). 
pV= =M yw 
MY wv’ =3pVv 
1 3 
=MY w= pV 
Mw =5P 
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So total kinetic energy 


K.E.= = y= 3 ART 
2 2 


Note: K.E. of any gas can only be changed by change in temperature. 


3 
—nRT 3 


Average K.E. per mole = 2 = aoe 
n 


Average K.E. per molecule = oR = | ae T= 3 kT 
2N, 2\ Ny 2 


Here k is the Boltzmann constant = 1.38 x 10°" JK"! 


Note: Potential energy of ideal gas is exactly 0. Therefore, K.E. = total energy for an ideal gas. 


Maxwell distribution of kinetic energy can be obtained as follows. We know that total energy 


E=K.E. 


2u du= any ee udu= ge 
M M 


Then on substituting in the Maxwell’s equation 


Mu? 
2. 
er RT yy? dy 


2nRT 


de ta( i can PE ab 
N 2nRT M 
3 
2 


1 
~on( 1)? oer JEaE 
a( a) e VE 


The fraction of molecules with molecular mass M at temperature T having speed from u,,, to u,,, + fu,,, (where fis a 
fraction which can have any value between 0 and 1, including 0 and 1) can be determined as follows. We know that 


2RT 


Ump = 7 
3 
ee ax( =)’ e xf= “f 


Thus the fraction of molecules of a given range around U,,,/U,yg/Uims is independent of temperature, molecular mass and 
values of velocity. It depends upon range factor f only. 


3.11 | MOLECULAR COLLISIONS 


The molecular collisions can be explained based on the following postulates: 


1. All molecules are identical in shape, size and there is no change in shape after collisions 


2. Velocity of each molecule = u 


avg 
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Let us say, that the diameter of one molecule = o= collision diameter, then zo = curved surface area of an imaginary 
cylinder which is the collision cross-sectional area. 

Consider that a single molecule is moving and other molecules are stationary. Then the moving molecule will 
collide with all the molecules whose center lies within distance o from the center of the moving molecule (Fig. 3.27). 
Therefore, volume covered by moving molecule in unit time = volume of cylinder = zo” u,,,, where Uv, is the distance 
covered per unit time 


avg? 


Center at 
the cylinder 


Center outside cylinder 


Moving 


Uavg 
molecule 


Center inside 
the cylinder 


Figure 3.27 Molecular collisions. 


Let N be the total number of molecules and the volume of the container be V. Then, the number of molecules per unit 
volume 


N*¥=— 
V 


Therefore, total number of molecules present in volume covered by moving molecules = z0* Uy, N* 
Hence, the number of collisions made by moving molecule per unit time 


= 2 * 
Z, = 10° U.N’ 


This is based on the assumption that all other molecules are stationary. However in practice, all molecules are moving 
and therefore we have to consider relative velocity. On an average, molecules will collide with each other when they 


are moving perpendicular to each other. _ °) a 7 2 
Ur = Uae Uae ~~ Uayg 


Hence, the number of collisions made by a single molecule per unit time when all the molecules are moving is 
Z, = V2207U,,,N* 
The total number of bimolecular collisions per unit volume, per unit time 


_Z,xNIV _ Z,N* 
2 2 
10° u,,,(N*)? 

Zy,= ; 


V2 


This is the collision frequency, when each collision involves two molecules. 


Zy 


Note: In case of bimolecular collisions between two different molecules (Fig. 3.28), the number of molecules pre- 


sent in the volume are 
Le On + OB 
fo \y © 


Figure 3.28 Bimolecular collisions between different molecules. 
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. » N 
N,=— and N,= a 
The effective(reduced) mass 
Ma Vit 
_ arte _ fa 
aM, aM, A 


Total number of collisions per unit volume per unit time 


2 
Zn = a{ 2 a SRT yy ys 
2 Ll 


Mean Free Path (A) 


Mean free path (A) is the average distance travelled by a molecule between two consecutive collisions. 
Distance travelled for Z, collisions = u,,, 


; ee u 
Distance travelled for one collision = —“& 
Z, 


Fug Ee 
Z, \2a0°N* 
_ V 
J220°N 
From ideal gas equation 
pV = nRT 
N 
pV= ar= Nr )-97% 
Nx A 
where k is the Boltzmann constant. Then 
kT 
A= ———_ 
210° p 


The effect of change in physical condition on 7 can be summarized as follows: 


At constant p At constant T At constant V 
he T 1 A = constant 
devi Ac ? (n is constant) 
(as Vx T,n and p are Ax V 
constant) (as p « 1/V,nand T are 

constant) 
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Similarly, the effect of change in physical condition on Z,, can be summarized as follows: 


At constant p Atconstant T  |At constant V 
2 = ST Zn Z, NT 
1 Zi, Vp 
2 
Zu Te (as Te V)| 2 * P (asp « T) 
1 (As p « 1/V) 


Zi, 


VT? 


Solved Example | 3-34 | 


The average velocity of a gas is 400 ms", find the rms _ Finding w,,,, [Uys We get 
velocity of the gas. (IIT-JEE 2003) 

i 3RT 1/2 mM 1/2 32 1/2 
Solution Ung = (= | x (= = & = 1.085 


The rms and average velocities are given by 


1/2 12 Thus, 1,,,,= 1.085 x U,,. = 1.085 x 400 = 434 m st 
. = (81) , - ( 8&1) 
mM “| aM 


? rms 


Solved Example | 3-35 | 


The mean free path of gas A, with molecular diameter A= 1 
equal to 4 A contained in a vessel, at a pressure of 10° ~ fo? N 
torr is 6990 cm. The vessel is evacuated and then filled 20 Vv 
with gas B, with molecular diameter, equal to 2 A at a 
3 -_ 1 
pressure of 10~ torr, the temperature remaining the same. >A« > and Ax —, 
What will be the mean free path of gas B? = pe 
1 
i 6990 cm « ———~ _ and x« 
Solution 10° x4 ¥ 02x? 
The mean free path of gas molecules, 6 
oe x10 x4 = 250 
x 16 
6990 
Therefore, » = _ = 27.96 cm = 28 cm 


Solved Example | 3-36 | 


Velocities of four gas molecules are 2, 3, -4,-1 ms’, Solution 
respectively. Find out the mean velocity, mean speed, 


: : The quantities are determined as follows: 
mean square velocity and root mean square velocity. 
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Mean velocity = an =0 
Mean speed = “at =2.5 ms" 


27 +3? +(-4) +(-1P 
4 

_ 44941641 

a 


Mean square velocity, y= 


=7.5m’s~ 


Root mean square velocity, u,,,, = vie =V75 
= 2.7386 ms! 


Solved Example | 3-37 | 


Two perfect gases at absolute temperatures T, and T, are 
mixed. Assuming there is no loss of energy, find the tempera- 
ture of the mixture if the masses of the molecules are m, and 
m, and the number of molecules in the gases are n, and n,. 


Solution 


According to the kinetic theory of gases, the kinetic 
energy of an ideal gas molecule at temperature T is given 
by K.E. = (3/2)kT. As there is no force of attraction among 
the molecules of a perfect gas, PE. of the molecule is zero. 
So the energy of a molecule of perfect gas is 


E=K.E.+P.E.= SkT+0=SKT 


Now, if T is the temperature of the mixture, by conserva- 
tion of energy, we have 

nE,+n,FE, =(n,+n,)E 
or 


m (Ser, +m, (Fer, J-(n,+m,) Sao = AE) 
2 2 2 (n, +n) 


Solved Example | 3-38 | 


Find the temperature at which methane and ethane will 
have the same rms speed as carbon dioxide at 400°C. Also 
calculate the mean velocity and most probably velocity of 
methane molecules at 400°C. 


Solution 


The rms velocity is 


Let 1 represent CO, and 2 represent methane. For u,,, to 
be same for 1 and 2, 


For methane and ethane the temperature is found as 


Toone = 2X16 = 244.73 K 
44 
673 


=—— x30 = 458.86 K 
44 


ethane 


The mean speed and mean probable velocity for methane 
are as follows: 


Mean speed = ja iy peeasaaes IEE = 943.68 ms 
aM 3.14x16x 107 
Mean probable speed = | aie i = 
M 16x10 


= 836.11 ms? 


3.12 | REAL GASES AND THEIR DEVIATION FROM IDEAL GAS BEHAVIOR 


The law pV = nRT is called “ideal” because it follows from the assumptions of the kinetic theory, which describes an 
ideal gas. The molecules of an ideal gas have negligible volume and no attraction or repulsion for each other. The 
molecules of a “real” gas, however, have a volume, and there is some interaction between molecules, especially at high 
pressures (i.e., the molecules are pressed close together) and low temperatures (i.e., the molecules move more slowly). 
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According to the ideal gas law, the ratio pV/T equals a product of 50 No oy 

f ; On 4 
two constants, nR. But, experimentally, for real gases pV/T is actually CO, 
not quite a constant. When we use experimental values of p, V and T 7 He 
for a real gas, such as O,, to plot actual values of pV/T as a function of 15 
p, Wwe get the curve shown in Fig. 3.29. The horizontal line at pV/T=1 
in Fig. 3.29 is what we should see if pV/T were truly constant over all 3|& 1.0 be 
values of p, as it would be for an ideal gas. It is observed that there is 
a negative deviation from ideal behavior first followed by an increase 05 
in the pV value. 

In the Fig. 3.29, two types of curves are seen. The curve for dihy- 
drogen shows an increase in pV/T values as the pressure increases 0 200 400 600 800 1000 
and only positive deviation is seen. The plots for nitrogen, methane p (atm) 
and carbon dioxide are similar to the plot for oxygen. The pV/T value 
first decreases with increase in pressure, reaches a minimum value Figure 3.29 Deviation from the ideal gas 
that is characteristic of the gas and then rises. It crosses the value for law for oxygen and other gases. 
an ideal gas and then shows a positive deviation from ideal gas value. 

The deviation in ideal gas behavior can also be seen when the pressure-volume graph is plotted for real gases, both 
for experimentally determined values and those calculated using Boyle’s law. The measure volumes are close to the cal- 
culated values at low pressures but at high pressure conditions, the measured volume is more than the calculated volume. 

It has been experimentally established that real gases do not obey ideal gas laws perfectly at all conditions of tem- 
perature and pressure. A real gas, like oxygen, deviates from ideal behavior for two important reasons: 


1. The model of an ideal gas assumes that gas molecules are infinitesimally small, but real molecules do take up some 
space. 


2. In an ideal gas, there would be no attractions between molecules, but in a real gas molecules experience weak 
attractions towards each other. 


Deviations from ideal behavior are felt most when the gas is at very high pressure and when the temperature is low. 
Raising the pressure can reduce only the empty space between the molecules, not the volume of the individual par- 
ticles themselves. At high pressure, the space taken by the molecules themselves is a significant part of the total vol- 
ume, so doubling the pressure cannot have the total volume. As a result, the actual volume of a real gas is larger than 
expected for an ideal gas, and the ratio pV/T is larger than if the gas were ideal. We see this for O, at the right side of 
the graph in Fig. 3.29. 

The attractive forces between molecules reveal themselves by causing the pressure of a real gas to be slightly 
lower than that expected for an ideal gas. The attractions cause the paths of the molecules to bend whenever they 
pass near each other. Because the molecules are not traveling in straight lines, as they would in an ideal gas, they have 
to travel farther between collisions with the walls. As a result, the molecules of a real gas do not strike the walls as 
frequently as they would if the gas was ideal, and this reduced frequency of collision translates to a reduced pressure. 
Thus, the ratio pV/T is less than that for an ideal gas, particularly where the problem of particle volume is least, at lower 
pressures. The curve for O, in Fig. 3.29, therefore, dips at lower pressures. 


Solved Example | 3-39 


Why do most gases behave nearly as ideal gases at room is insignificant. By doubling the pressure, we are 
temperature and atmospheric pressure? able to squeeze the gas into very nearly half the 
volume. 
Solution (b) The molecules are moving so rapidly and are so far 
g pidly 
Most gases behave nearly like an ideal gas, also for two apart that the attractions between them are hardly 
reasons: felt. As a result, the gas behaves almost as though 


there are no attractions. 
(a) The space between the molecules is so large that 


the volume occupied by the molecules themselves 
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The van der Waals Equation for Deviations from Ideal Behavior 


Many attempts have been made to modify the equation of state of an ideal gas to get an equation that better fits 
the experimental data for individual real gases. One of the more successful efforts was that of J. D. van der Waals. 
He found ways to correct the measured values of p and V to give better fits of the data to the general gas law 
equation. The result of his derivation is called the van der Waals equation of state for a real gas. Let us take a brief 
look at how van der Waals made corrections to measured values of p and V to obtain expressions that fit the ideal 
gas law. 

From the ideal gas equation 

pV’ =nRT 


Here p’ is the pressure exerted by gas molecules when there was no attractive force between the gas molecules and V’ 
is the free volume available for motion of gas molecules. 
1. Volume correction term: Since real gas occupies considerable volume, therefore 


Free volume = Volume of the container — effective volume occupied by gas molecules 
Let b = effective volume occupied by 1 mol of gas, then for 7 moles 


V’=V-nb 

where V is the volume of the container. 

To understand 5, let us consider collision between two molecules (Fig. 3.30). 
ae Molecule 1 


Molecule 2 


Figure 3.30 Bimolecular collision for volume correction term. 


In the frame of reference of first molecule, during collision if the second molecule is at a distance < 27, it will col- 
lide. Therefore volume not available for this pair to freely move 


4 4 
= —a”(2ry = —x(8r° 
7 (2r) 5 (8r°) 
Therefore, volume unavailable for one molecule 


_4 m(8r°) 2 
3 2 


Then volume effectively occupied by 1 mol 


Thus volume of 1 molecule 
ber 
Since b depends on the radius of the molecule, it will be different for different gases. Here b is known as van der 
Waal’s constant. 
[V] = [bn] 
Unit of b = I/mol or m*/mol or cm*/mol 


2. Pressure correction term: An ideal gas has no attractive forces between the molecules whereas real gas molecules 
have attractive forces as shown in Fig. 3.31(a) and (b). 
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2) 12) 
(e) 
o,f 
~ 
° © >| Pideal - >| Preal 
aa 
ie) 
ie) (@) 


(a) (b) 


Figure 3.31 Force of attraction between molecules in (a) ideal and (b) real gas. 


Therefore, Djea > Prea, Hence, 
p’ = p+(pressure correction term) 


Here, p’ is the pressure if there is no force of attraction and p is the observed pressure of the gas. 
The factors affecting pressure correction terms are: 


(a) Number of molecules per unit volume: More the number of molecules per unit volume, more will be the force 
of attraction with which molecule is pulled behind and more will be the decrement in pressure. Thus 
o N* 


P. correction 


(b) Number of molecules striking the wall of the container: More the number of molecules striking the wall of 
container, more will be the pressure correction term. The number of molecules striking the wall of container 
depends upon number of molecules per unit volume. Thus 


o N* 


P. correction 


Therefore, overall pressure correction term 


n 2 
P. correction - 
4 


2 
an 


P correction = yY? 
where a is a van der Waal’s constant. The value of a depends upon intermolecular force of attraction. Higher 
the inter-molecular force of attraction greater is overall pressure. 


The van der Waal’s equation for real gases is 
2 
G or (V — nb) = nRT 


For one mole of gas 


[ p+] ve-W)= RF 


m 


Here V,, is the molar volume. 


The van der Waals constants are determined for each real gas by carefully measuring p, V and T under varying condi- 
tions. Then trial calculations are made to figure out what values of the constants give the best matches between the 
observed data and the van der Waals equation. The values of van der Waals constants for a number of gases are given 
in Table 3.2. 


Table 3.2 van der Waals constants 
He Ne Ar Kr Xe H, O, N, sh, CO, NH, ELORE eC HEOE 
0.03421 0.2107 1.345 Pils) 4.194 0.02444 1.360 1.390 2.253 3.592 4.170 5.464 12.02 


0.02370 0.01709 0.03219 0.03978 0.05105 0.02661 0.03183 0.03913 0.04278 0.04267 0.03707 0.03049 0.08407 
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Solved Example | 3-40 | 


Calculate the pressure exerted by one mole of CO, gas 
at 273 K, if the van der Waals constant a = 3.592 dm° atm 
mol”. Assume that the volume occupied by CO, mole- 
cules is negligible. (IIT-JEE 2000) 
Solution 


The van der Waals equation for 1 mol of gas is given by 


Gea (V—b)= RT 


The volume occupies by CO, molecules is negligible 
implies that b = 0. Substituting given values and consider- 
ing V = 22.4 L for 1 mol of gas at 1 atm, we get 


_ RT a __ 0.082x273 3.592 
7 22.4 a9.AP 


vv 
_ 501.45-3.592 _ 497.85 


= = = 0.9922 atm 
501.76 501.76 


Solved Example | 3-411 | 


A graph is plotted for a real gas which follows van der 
Waals equation with pV, taken on y-axis and p on x-axis. 
Find the intercept of the line where V,, is the molar volume. 

(IIT-JEE 2004) 


Solution 


For a real gas, the plot of pV, vs. p can be of two types A 
or B, but at the point of intercept, that is, p = 0 or when p 
is low, van der Waals equation reduces to ideal gas equa- 
tion pV = nRT. For 1 molar, comparing pV,, = RT with 
y=mx+C, we get the intercept on y-axis as RT (Fig. 3.32). 


Figure 3.32 


Solved Example | 3-42 | 


Calculate the pressure of one mole of nitrogen gas in a 
10 L cylinder at 50°C using the van der Waals equation. 
Compare this value with that obtained from ideal gas 
equation (van der Waals constants a and b for nitrogen 
are 1.4 L’ atm mol” and 0.04 L’ mol", respectively). 


Solution 


From the van der Waals equation [p + & (V-b)=RT, 
we get . 


[ + =| (10 —0.04) = 0.0821 x 323 = p = 2.648 atm 


From ideal gas equation, we have 


_ RT _ 0.0821 x 323 
V 10 


= 2.652 atm 


Solved Example | 3-43 | 


Calculate the pressure exerted by 5 mol of CO, in 1 L ves- 
sel at 47°C using van der Waals equation. Also, calculate 
the pressure for an ideal gas. Given a = 3.592 atm L’ mol”, 
b = 0.0427 L mol" 


Solution 


From the van der Waals equation, we have 


[p+ Se \(v nb) = nRT 
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Substituting n = 5, V =1L, T = 320 K, a = 3.592 atm L’ Foran ideal gas, we have 
mol” and b = 0.0427 mol", we get 


_ ART _5x0.082X320 _ 131 5 atm 
nRT an” _5x0.082x320 3.592x25 7 1 


~(V—nb) V2 1-5x0.0427 1 
= 166.81- 89.8 = 77.01 atm 


P 


3.13 | COMPRESSIBILITY FACTOR 


At low temperatures, the intermolecular attractive interactions increase because the average kinetic energy; and hence 
the speed of molecules decreases. The intermolecular repulsive interactions increase at high pressure. The real gas 
molecules will show ideal gas behavior when the intermolecular interactions are negligible, that is, when pressure 
approaches zero. 

The ratio of the observed volume of a gas to the calculated volume under given conditions of temperature and 
pressure is known as compressibility factor (Z) of the gas. If the observed volume of a gas at pressure p and tempera- 
ture Tis V,,,, and the calculated volume from ideal gas equation V,,,,, is 7RT/p, then the compressibility factor is 


VAS a pies = Z = Vex (3.48) 
nRT/p  nRT VA 


ideal 


For an ideal gas, Z = 1 as pV =nRT and for a real gas Z # 1, so the observed volume is either greater or less than the 
calculated volume. 


The temperature at which gases show ideal gas behavior for an appreciable range of pressure is known as Boyle’s 


temperature or point. It is specific to the nature of the gas. At this temperature the rate of change of pV approaches 
zero (i.e., remains constant). It is therefore, given by 


_opV_a il 


= = = 3.49 
Boyle OR Rb ip ( ) 


Inv 


where a and Db are van der Waals constants and 7,,, is the inversion temperature. 
As the temperature increases beyond the Boyle’s point, the forces of attraction between gas molecules become 
weak and gases show positive deviation from ideality (Z > 1). Below the Boyle’s point, the gases first show a negative 


deviation from ideality, reach a minimum value with increasing value of pressure and then show positive deviation 
(Z > 1) continuously. 


For an ideal gas the plot of Z vs. p is a straight line parallel to the i 


N 
2. 2-H 
pressure axis (Fig. 3.33). As the pressure is varied, Z for real gases . ce an 
deviates from unity. 
ke 
For 1 mole, van der Waals equation is G aa —b)=RT iS 1.5 
: ra 
ll 
a i 0 Ideal gas Z=1 
Case 1: At low pressure, V,, — b = V,,, therefore, | p+— |(V,, —b) = 
RT becomes Vin 0.5 Z<1 
jo el | | I i | 
PVn +7 At 0400-200 ~-300~-«400~—«500 


p (atm) 
PVn a RT 
or RT V.RT "RT Figure 3.33 Variation in compressibility 
factor of some gases. 
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Therefore, c= (3.50) 


This indicates that Z < 1 at low pressure region, the gas is more compressible and attractive forces dominate. 


Case 2: At high pressure, p+ - = p. Therefore, pV, — pb = RT. Therefore, 


PV. RT. pb 
RT RT RT 


Therefore, “= Mar “ (3.51) 


This indicates Z > 1,so repulsive forces dominate. 


Note: If Z = 1, the repulsive and attractive forces are negligible and compensate for each other. 
If Z > 1, repulsive forces dominate attractive forces and it is difficult to compress the gas. 
If Z <1, attractive forces dominate repulsive forces and gases are easily compressible. 


The above observations can be summarized as 
1. At very low pressures, all gases have Z close to unity. At low pressures, the volume of gas is large, so the volume 
of the gas molecules can be neglected and gases can behave as ideal gases. 


2. As the pressure increases, the value of pV/nRT first decreases (Z < 1), reaches a minimum value and then 
increases. 


3. At high pressures Z > 1,so the gases become difficult to compress as the pressure increases. 


Note: Hydrogen (and also helium) show exceptional behavior. The compressibility factor of hydrogen gas at 273 K 
increases with increase in pressure and has Z > 1 at all pressures. This is because the kinetic energy of molecules at 
273 K is very large and the attractive interactions are insignificant. The increase in pressure reduces the molecular 
separation, the repulsive interactions become predominant and gas shows positive deviation from ideality. Negative 
deviations can be observed at temperatures much lower than 273 K. 


We have seen that the behavior of gases becomes close to ideal gases at low pressure. However, up to what pressure 
the gas will exhibit ideal gas behavior will depend on the nature of the gas and the temperature at which the study is 
conducted. 


Virial Equation 


Various equations have been developed for real gases based on the different pressure, volume and temperature values. 
These equations are called equations of state, as these represent the state properties of the substance at equilibrium. 
The equation of state in terms of compressibility factor is called the virial equation. 


pV iy CD 
ZL, ae aac aPooe (3.52) 
It is derived as follows -1 
b a 
Z=|1 
¥.. ) V,RT 
-1 Py 3 
Here 1-2 =1+ + y + 2 Aes ae 
Vis Vn ka Vs 
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Therefore, Z= 1+( 5-2) x 74 (b’) tee 
RT Vn Vv. 
Here, we get Eq. (3.52), if B=b-—, C=b,D=r 


The virial equation is a power series expansion in variable V. The coefficients B, C ... are functions of temperature 
and are called first virial coefficient, second virial coefficient and so on. These are substance and temperature specific. 


Reduction of van der Waals Equation to Virial Equation 


The expression of van der Waals equation for one mole of gas is 


[p+ Sov, -0)= RI 


RT a 


or = ——__- > 
OG=)) Ke 


Multiplying this equation by V,,/RT, we get 


Therefore, 


z=1+(9)x to 2) (2) «.. (3.53) 
RT V. Vv. V. 


Comparing Eq. (3.52) with Eq. (3.53), we get the second virial coefficient, B= ee 
; 2 RT 
coefficient, C = b*. 


and similarly for third 


Solved Example | 3-44 | 


The compression factor (compressibility factor) for one Vis: ZxnxRxT _05x1x0.082 x 273 _ 0.111L 
mole of a van der Waals gas at 0°C and 100 atm pressure 77) 100 
is found to be 0.5. Assuming that the volume ofa gasmol- When the volume of the gas is negligible, the van der 
ecule is negligible, calculate the van der Waals constant a. Waals constant b = 0,so the equation becomes 

(IIT-JEE 2001) 


a 
V=RT-— 
Solution P V 


The compressibility factor is given by Z = pV/nRT. a= RTV — pV’ =0.082 x 273 x 0.111 - 100(0.111)” 
Therefore, substituting values, we get the volume as =~ 248-123 = 1.25 atm 12 mol 
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Solved Example | 3-45 | 


Starting from the van der Waals equation of state show 
that the Boyle’s temperature, 7, = a/Rb. 


Solution 


The van der Waals equation [p + =] (V —nb)=nRT can 
: V 
be written as 


a ab 
V+—+ pb-—,=RT 
P V P y 
At the Boyle’s temperature T,, the volume of the gas 
is appreciably large, therefore we can neglect the term 


ab/V’ for its lower value. Hence, the equation becomes 


pV +7,— pb=RT 


a (pV) is oV b=0 
op " V’\ op a 
At the Boyle’s temperature T,, ae 4) =0 because 
iP Ir. 


pV is independent of p. Therefore, 


a {ov 
See | a0 1 
(Gr, ” 


Now at Boyle’s temperature, the given gas will follow the 
ideal gas equation 


RT, 
pV =RT, > V=—2 


Differentiating with respect to p, we get 


oV) _-RT,  -RT, _-V’ 
op), PP  RT,/V’ RT, 


Putting the value of (=) in Eq. (1), we get 
/P 


Ts 


: -b=0> 
RT, RT, 


=b=>T,=— 


At this temperature, the gas behaves as an ideal gas 
since Z = 1. 


Solved Example | 3-46 | 


The compressibility factor is always greater than 1 and 
increases with increase of pressure for hydrogen and 
helium. Explain. 


Solution 


The intermolecular forces of attraction in hydrogen and 
helium are negligible as they are small molecules, that is, the 


van der Waals constant “a” is very very small so that a/V* is 
negligible. The van der Waals equation, therefore, becomes 


D(V —b)=RT => pV =RT + pb 
Dividing by RT throughout, we get 


pV _ 14 Pe 
RT RT 


Now, Z = pV/RT which is greater than 1, and increases 
with increase in the value of p at constant 7. 


Solved Example | 3-47 | 


Assuming CO, to be van der Waals gas, calculate its 


Boyle temperature. Given a = 3.59 atm L’ mol”; b = 


0.0427 L mol. 
Solution 


Boyle temperature in terms of van der Waals constants is: 


Hence, 
3.59 atm L’mol” 


T= ——> =~ = 1024 K 
(0.0821 Latm K~ mol™)(0.0427 Lmol~ ) 


Solved Example EZ 8 | 


A mole of CCl, vapors at 77°C occupies a volume of factor Z under (a) low pressure region and (b) high pres- 


36.0 L. If van der Waals constants are a = 20.39 L’? atm 


sure region. 


mol” and b = 0.1383 L mol", calculatethe conapressibilitynacademyplusdiscounts 
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Solution 
Z=1-—4—=1 = ee 
(a) Under low pressure region, the molar volume is high, RTV,, 0.0821 x 350 x 35 
so V,,—b = V,,. The following equation 
(b) Under high pressure p is high, so p+ as = p. 
p+ “| (V_,—b)=RT Substituting, we get Vin 
com ale 
; P(Vq—b)= RT => p= 
then becomes pV, + yo RT VB 
So, the compressibility factor is Now, the compressibility factor is 
a Te 
RT V,-b 1-(b/V,,) 1-(0.138/35) 


3.14 | LLQUEFACTION OF GASES 


Thomas Andrews plotted isotherms of carbon dioxide at various temperatures and was the first to obtain complete 
data on the variation of three variables — pressure, volume and temperature, in both gaseous and liquid state (Fig. 3.34). 
He observed that at high temperatures, the isotherms looked like those for an ideal gas and the gas cannot be lique- 


fied even at very high pressure. At lower temperatures, the isotherms 
show a considerable variation from ideal gas behavior. The liquid 
carbon dioxide first makes appearance in the isotherm at 30.98°C 
at 73 atm pressure. This temperature is known as the critical tem- 
perature (J) and the pressure is known as critical pressure (p,) 
of carbon dioxide and the volume of one mole of gas under these 
conditions is known as critical volume (V,). These are collectively 
known as critical constants of the gas. The isotherm corresponding 
to critical temperature is critical isotherm and the substance exists in 
liquid and gaseous state on either side of it. 

Based on the isotherms for carbon dioxide, the following impor- 
tant observations can be made about the liquid—gas equilibrium in 
carbon dioxide. 


1. On increase in the pressure beyond the critical pressure, the 
curve obtained represents only the compressibility of the liquid, 
and the steep curve beyond 73 atm represents the isotherm of 
the liquid. A slight decrease in volume (compression) results in 
considerable increase in pressure. 


2. Below the critical temperature (30.98°C), the gas shows differ- 
ent behavior on compression. 


3. At temperature of 21.5°C, carbon dioxide exists as a gas up to 
point B beyond which a liquid of certain volume is obtained. 


A 


P4 esses sssesefesee 


P3 
(Pec) 


Pressure 


Po raicectsusttaszee 


Py adecsmaenscoscc 


G 


Vi Vo V3 Vy 


Volume 


Figure 3.34 lsotherms of carbon dioxide at 
various temperatures. 


4. Further decrease in volume does not affect the pressure up to point C, as indicated by the straight line BC. 
Further compression only condenses more gas into liquid and the liquid and gaseous carbon dioxide coexist. At 
point C, all the gas is compressed to a liquid and further increase in pressure causes compression of the liquid 
as shown by the steep curve CD. A small decrease in volume from V, to V, results in sharp increase in pressure 


from p, to p3. 


5. All the isotherms below the critical temperature show a similar pattern, the difference being only in the length 
of straight line BC. The length of the straight line converges into a point at E, which corresponds to the critical 


temperature. 
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6. In the isotherm plots, regions of pure gaseous state and pure liquid state are indicated by points such as A and 
D, respectively. The coexistence of gaseous and liquid states is represented by the shades in the area under the 
curve. 


7, In the graph, the gas can be moved from point A to F by increasing the temperature and then compressed to point 
G by increasing the pressure at constant temperature, along the isotherm at temperature 31.1°C. On lowering the 
temperature, we can vertically move down to point D, crossing the critical isotherm at point H. So, carbon dioxide 
exists as a liquid here and we have crossed over from gaseous to liquid state without passing a stage where these 
states coexist. Hence, for a phase transition carried out below the critical temperature, substance always exists in 
a single phase. 


All gases on compression at constant temperature show similar behavior as shown by carbon dioxide. From the char- 
acteristic features of the isotherms for carbon dioxide, we can conclude the following for all gases: 
1. The critical temperature of the gas is the highest temperature at which liquefaction of gases first occurs. 


2. In case of permanent gases, that is, gases which show positive deviation from ideal gas behavior, the liquefaction 
requires cooling as well as compression. On cooling and compression, the gas molecules move close together, the 
intermolecular forces increase and gases liquefy. 


3. There is continuity in the liquid and gaseous states and the term fluid is used to represent the continuity in both 
the states. 


4. The two phases can be distinguished when they are above or below the critical temperature. At critical tempera- 
ture, the liquid passes into the gas phase continuously and the boundary between the two phases disappears. 


5. A gas below the critical temperature can be liquefied by applying pressure and is known as vapor of the substance. 


Expressions of Critical Constants in Terms of van der Waals Constants 


For one mole of gas, the van der Waals equation, pt a (V,, —b)= RT 


2, 
can be written as v3 G ay: ae ab -0 
P PV. P 
ae e 3 RT, 
At critical point, (V,, — V.)° = 0. Therefore, 3V. = b+ 
Pc 
2 b 
Now, 3Ve=— and VG=@ 
Pc Pc 


8a 


a 
Vo = 30; Po = a557) To= FoR 
b 


(3.54) 


where V,, p. and T;, are critical volume, critical pressure and critical temperature, respectively. Critical temperatures 
and pressures of some common substances are given in Table 3.3. 


Table 3.3 Critical temperature and pressure of some common substances 


Gas C,H,OH He EG N, ©) H,O 
Critical Temperature (T,) in K 516 53) 382) 126 154.2 6474 
Critical Pressure (p,) in atm 63 2.26 12.80 385) 49.74 0.044 


Experimental Methods for Liquefaction of Gases 


From studies on liquefaction of carbon dioxide, it was observed that for liquefaction of gases they need to be first 
cooled below their critical temperature and then pressure needs to be applied. The cooling of gases to low tempera- 
tures for their liquefaction can be achieved by any of the following methods: 
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1. Adiabatic expansion: In this method the gas is allowed to expand adiabatically against pressure. In process it does 
some mechanical work at the expense of kinetic energy thereby causing the temperature to fall. 


2. Rapid evaporation of a volatile liquid: In this method any easily volatile liquid is allowed to evaporate to cool and 
liquefy a gas. 

3. Joule-Thomson effect: In this effect, when a compressed gas is allowed to expand into a low pressure under adi- 
abatic conditions, lowering of temperature is observed. The gas molecules do work at the cost of kinetic energy to 
overcome the intermolecular forces, which causes cooling to occur. The relation is given by: 


ar 
ce (FI) (3.55) 


The pressure at which gases neither cool nor warm up on expansion, that is, {4 = 0 is called the inversion point. This 
point varies with temperature and for a given pressure, the temperature at which a gas on passage from higher to 
lower pressure through fine orifice does not undergo heating or cooling (m = 0) is known as inversion tempera- 
ture. At constant pressure, each gas shows two inversion temperatures, the upper and lower one, between which it 
undergoes cooling on expansion and beyond which it undergoes heating. Most of the gases are below their upper 
inversion temperature at room temperature, and hence, cool on expansion. This temperature is related to the van 
der Waals constants by the relation: 


_ 2a 


iw=>l 3.56 
— (3.56) 


Joule Thomson Effect 


During adiabatic free expansion of an ideal gas, 


Pex = 9,w = pAV =0 
AU =0 (as gq =0) 
Therefore, during adiabatic free expansion of real gas, w, g and AU = 0. 

But temperature of the system changes as work is done internally against forces. AT may be positive or negative 
so we must define a temperature known as inversion temperature above and below which AT will have opposite signs, 
that is at T= T,, AT =0. 

If 7 > T,, repulsive forces dominate, therefore, temperature increases or we observe a heating effect. Work done 
by the gas molecules is negative as gas has a tendency to expand. 

If T < T,, attractive forces dominate, therefore, temperature decreases or we observe a cooling effect. Work has to 
be done against attractive forces so that expansion takes place. 

When T = T, , both forces compensate each other or temperature remains constant. 

Experimentally a 


Rb 
Here, 7; is the inversion temperature and T,, is Boyle’s temperature. 


Solved Example | 3-49 | 


The critical temperature of ammonia and hydrogen are Solution 
405.5 K and 33.2 K, respectively. Ammonia can be liq- 
uefied at room temperature just by compression of the 
gas at a high pressure. Liquefaction of hydrogen, on the 
other hand, requires cooling as well as compression. 
Explain. 


T, = 2T, = 


The critical temperature of ammonia (405.5 K) is well 
above the room temperature, so the gas at room tem- 
perature when compressed will liquefy. The critical tem- 
perature of hydrogen (33.2 K) on the other hand is much 
below the room temperature, so the gas needs to be 
cooled and then compressed for liquefaction. 
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Solved Example | 3-50) 


The van der Waals constants for gases A, B and C are as As V, = 3b and V, « V,, (for a particular gas), so 
ollows: igher the value of V_, higher will be molar volume of the 
foll higher the value of V,, higher will b 1 I f th 
gas. If the critical temperature is close to 273 K, gas will 
exe Bice cPamole) pide mona) behave ideally around the STP. 
A 405.3 0.027 2—_——_—_—___—___—__——__—_—_E_El_—_— 
B 1215.9 0.030 Gas  a(dm° b (dm? Te V. a/b 
i A kPa mol’) mol”) 
€ 607.95 0.032 
A 405.3 0.027 534.97K 0.081 1.501 x AO’ 
which gas has (a) highest critical temperature, (b) the 2 fale) Ue 1444.42K 0.09 4.053 x AO’ 
largest molecular volume and (c) the most ideal behavior © 607.95 0.032 677.07 K 0.096 1.89 x Ad! 
around STP? 
Solution (a) B gas has the largest critical temperature as T,, = 
1444.42 K. 


For the critical temperature T = 8a/27R,. Since R is 


constant, higher the value of a/b higher will be critical 
temperature. (c) A gas has the most ideal behavior around STP. 


(b) C gas has the largest molecular volume as V,.= 3b. 


Solved Example 3-511 


The critical volume of a gas is 0.072 L mol”. What will be 
the radius of the molecule in cm? _ 24cm* 


~ 6x 107 


~ cm*per molecule 


per molecule = 4x10 


Solution 4 
4x10 cm*per molecule = 4x —2r° 
(a) We know that V, = 35, assuming the gas to obey van 3 


der Waals equation. Therefore, pa cz «1023 


_ 0.072 An 


= 0.024 L mol! 3 113 
r= & «1077 cm 
a 


= 1.336x10°%cm 


b 


Now, 


Solved Example | 3-52 


If Boyle’s temperature is 25 °C, then at 100 °C gas shows = 7, = 27, = 596 K = 323 °C 

which effect? So T= 100 °C < T; = 323 °C. Therefore, cooling effect is 
observed. 

Solution 


Given that T, = 25 °C = 298 K, then 


3.15 | LAW OF CORRESPONDING STATES 


We define the following terms: 


1. Reduced temperature 


https://telegram.me/unacademyplusdiscounts 


Telegram @unacademyplusdiscounts 


3.16 | Heat Capacity and Specific Heats of Gases 


Here T; is the critical temperature. Therefore 


2. Reduced volume 


Therefore, Vi=VaVc 


3. Reduced pressure 


“2 
The van der Waal’s equation is given by 


[ pf] ve-0)= RF 


m 


Substituting for p, V,,, T from expressions for reduced terms, we have 


1 a 8a 
—— pa + 2 | (3bV_—b) = R 7 
[Pe varak x?) Ga e 


(PaVax + 3)(3V, -l)= 87, Ve 


This is the reduced van der Waal’s equation. 


3.16 | HEAT CAPACITY AND SPECIFIC HEATS OF GASES 


The heat capacity (C) of a system refers to its capacity to absorb and store heat. Knowing the heat capacity of a sub- 
stance, we can calculate the heat supplied to the system by monitoring the rise in temperature. If the heat capacity of 
a substance is large, the temperature would rise to a very small extent, as in case of water. 

The molar heat capacity (C.,) is the amount of heat required to raise the temperature of one mole of the substance 
by 1°C (or K). Specific heat or specific heat capacity can be defined as the heat required to raise the temperature of a 
unit mass by 1°C (or K), at a specified temperature. The amount of heat required to bring about a temperature change 
(AT) in mass m of a substance with specific heat c, can be obtained by the relation 


c=—! (3.57) 
mxAT 


The heat capacity of gases can be measured at constant pressure (C,) and constant volume (Cy). 


Heat Capacity at Constant Volume 


It is the heat supplied to increase the temperature through 1°C at constant volume. From kinetic theory of gases, we 
know that kinetic energy of gas molecules is given by 


pV= mn’ -SKE.- = RT for 1molof the gas 


When the temperature is raised by 1°C, the increase in kinetic energy is 
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3 RIT + 1)-2 RT = 3R 
2 2 2 
This increase is equal to the heat supplied at constant volume to raise the temperature by 1°C, so by definition 
3 
C,= ao (3.58) 


This relation holds for monoatomic gases and for di- or polyatomic gases, the relation is modified to include contribu- 
tion from rotational and vibration energy to the total kinetic energy, so 


3 
Cy ee 


Where x varies from gas to gas is zero for monoatomic gases. 


Heat Capacity at Constant Pressure 


It is defined at the heat supplied to one mole of the substance to increase its temperature through 1°C at constant pres- 
sure. When heat is supplied at constant pressure, it will be used to increase the kinetic energy and do pressure-volume 
work. We have seen that increase in kinetic energy is 


SR +x or SR (for monoatomic gas) 


The pressure-volume work done by one mole of gas is given by pV = nRT. When the temperature changes from T to 
T +1 and the volume changes by AV at constant pressure, work done is given by 


D(V + AV) = R(T +1) 
Subtracting the above equation from pV = nRT, we get 
PAV=R 


So. the total energy given to the monoatomic gas is by definition the heat capacity at constant volume 


a =SR+R=SR 


The relation between the two heat capacities is given by 


C,=C,+R (3.59) 


The ratio between heat capacities at constant pressure and volume is given by y. The ratio for different gases is 


6 
Ge = y = 1.66 (for monoatomic gas) 
V 


= 1.40 (for diatomic gas) (3.60) 
= 1.33 (for triatomic gas) 


Solved Example | 3-53 | 


For He molecule C,, value is 3/2 R,independent of temper- degree of freedom towards C,, is R/2 so, C, =3 x R/2 = 
ature. But for H, at very low temperature 3/2 R, at mod- 38/2. On the other hand, hydrogen molecule is diatomic. 
erate temperature 5/2 R at higher temperature > 5/2 R. At low temperature, its rotational and vibrational contri- 


Explain the temperature dependence and justify. bution is zero,so C,,=3R/2 (same as that of He molecule). 

(IT-JEE 2003) At moderate temperature, rotational contribution comes 

Solution into account (i.e., C = 2 x R/2) and at even higher tem- 

; ; ; . : perature, vibrational contribution (1 x R) also becomes 
Helium is monoatomic, so it has only translational significant. 


degrees of freedom. The contribution of translational 
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3.17 | LIQUID STATE 


The common properties of liquids are as follows: 


1. They have high density. Liquids are about 1000 times denser than a typical gas because there is little empty space 
between the molecules as the intermolecular force of attraction is higher than in gases. 


2. They are essentially incompressible. Unlike the behavior of a gas, an increase in pressure on a liquid does not 
result in a significant decrease in volume. 


3. They undergo little thermal expansion. The degree of expansion varies for different liquids. 


4. They have a fixed volume but no definite shape. Liquids flow and thus do not have a definite shape. (It is deter- 
mined by the shape of the container.) But they have a fixed volume. 


5. There exist considerable forces of attraction between the molecules of the liquids. 


6. The molecules in liquids move randomly and like in the gases the average kinetic energy of molecules in a sample 
of liquid are proportional to the absolute temperature. 


7. The diffusion between liquid molecules is much slower than that observed for gases because the molecules are 
much closely spaced in liquids than in solids. This means higher frequency of collision and less free path and hence 
less diffusion. 


8. The densities of a substance in liquid state is much higher than the density of the same substance in the gaseous 
state. This again arises due to close packing of the molecules. 


9. Liquids show a tendency to evaporate and hence possess vapor pressure. 


Vapor Pressure 


When a liquid evaporates, the molecules that enter the vapor exert a pressure called the vapor pressure. From the 
very moment a liquid begins to evaporate into the vapor space above it, there is a vapor pressure. If the evapo- 
ration is taking place inside a sealed container, this pressure grows until finally equilibrium is reached. Once the 
rates of evaporation and condensation become equal, the concentration of molecules in the vapor remains con- 
stant and the vapor exerts a constant pressure. This final pressure is called the equilibrium vapor pressure or satu- 
rated vapor pressure of the liquid. In general, when we refer to the vapor pressure, we really mean the equilibrium 
vapor pressure. The temperature should also be given when discussing vapor pressure as the process is temperature 
dependent. 

Figure 3.35 shows plots of equilibrium vapor pressure vs. temperature for a few liquids. From these graphs, we see 
that both a liquid’s temperature and its chemical composition are the major factors affecting its vapor pressure. Once 
we have selected a particular liquid, however, only the temperature matters. The reason is that the vapor pressure of 
a given liquid is a function solely of its rate of evaporation per unit area of the liquid’s surface. The vapor pressure is 
relatively high when the evaporation rate is high. As the temperature of a given liquid increases, so does its rate of 
evaporation and so does its equilibrium vapor pressure. 


800, 
7GO! oe i ho ie ne foes en eenca in Poe aes <—! 1.0atm 


700 - ’ : 
Ether Acetic acid 
(b.p. 34.6°C) (b.p. 118.1°C) 


Propylene glycol 
(b.p. 188.2°C) 


| | | l l i i i 
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Temperature (°C) 
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Figure 3.35 Variation of vapor pressure with temperature for some common liquids. 
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As chemical composition changes in going from one liquid to another, the strengths of intermolecular attractions 
change. If the attractions increase, the rates of evaporation at a given temperature decrease, and the vapor pressures 
decrease. These data on relative vapor pressures tell us that, of the four liquids in Fig. 3.35, intermolecular attractions 
are strongest in propylene glycol, next strongest in acetic acid, third strongest in water, and weakest in ether. Thus, we 
can use vapor pressures as indications of relative strengths of the attractive forces in liquids. 


Factors Affecting Vapor Pressure 


The magnitude of vapor pressure does not depend on the total surface area of the liquid nor on the volume of the 
liquid in the container, nor on the volume of the container itself, just as long as some liquid remains when equilibrium 
is reached. The reason is because none of these factors affects the rate of evaporation per unit surface area. 

Increasing the total surface area does increase the total rate of evaporation, but the larger area is also available 
for condensation; so the rate at which molecules return to the liquid also increases. The rates of both evaporation and 
condensation are thus affected equally, and no change occurs to the equilibrium vapor pressure. Adding more liquid 
to the container cannot affect the equilibrium either because evaporation occurs from the surface. Having more mol- 
ecules in the bulk of the liquid does not change what is going on at the surface. 

The factors affecting vapor pressure are listed as follows: 


1. Temperature: On increasing temperature, the vapor pressure increases. 


2. Nature of liquids: Different liquids have different vapor pressures depending on their intermolecular attractive 
forces. Those having higher magnitude of intermolecular attractive forces have lower vapor pressure. 


3. Addition of non-volatile solute: According to Raoult’s law, the addition of a non-volatile solute lowers the vapor 
pressure. 


4. Weight of the substance: Substances having lower molecular weights have higher vapor pressure. 


Boiling and Melting Points 


When a liquid is heated, it eventually reaches a temperature at which the vapor pressure is large enough that bubbles 
of vapor form inside the body of the liquid. This temperature is called the boiling point. A liquid boils when the pres- 
sure of the vapor escaping from the liquid is equal to the pressure exerted on the liquid by its surroundings. On heating, 
some liquid molecules get converted into gaseous bubbles. The vapor in the bubble is in equilibrium with the liquid. 
If the external vapor pressure is more than the gaseous pressure in the bubble, it collapses. However, if the vapor 
pressure of the bubble is more than the external pressure, it would rise to the surface and finally escape into vapor 
state. 

The boiling point depends on the restraining pressure. The normal boiling point of a liquid is the temperature at 
which the vapor pressure is equal to 1 atm. The standard boiling point of a liquid is the temperature at which the vapor 
pressure is equal to 1 bar. The normal boiling point of water is 100°C because this is the temperature at which the 
vapor pressure of water is 760 mm Hg, or 1 atm. At 10,000 ft above sea level, the pressure of the atmosphere is only 
526 mm Hg. At that elevation, water boils when its vapor pressure is 526 mm Hg. Water needs to be heated to only 
90°C for its vapor pressure to reach 526 mm Hg. 


Note: When a liquid is heated in a closed container, it does not boil. On heating, the liquid starts getting converted 
into vapor and the two phases are distinctly visible. As the temperature is increased further, the density of the vapor 
phase increases and becomes more than that of the liquid phase. As more and more liquid is converted into the 
vapor, the liquid phase expands and the boundaries of liquid and vapor phases merge. The temperature at which 
this happens is known as the critical temperature. 


The change in state of a substance involves addition or removal of energy in the form of heat. For example, water is 
known to exist in all three states. The heat required to convert water to its vapor is 40.7 kJ per mole. This heat change 
accompanying the conversion of a liquid to its vapor is called heat of vaporization (A H,,,). Similarly ice can be melted 
into water when heat energy of 60.1 kJ per mole is supplied. This heat change when a solid is melted into a liquid is 
known as heat of fusion (A H7,,,). 
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Clausius—Clapeyron Equation 


We have seen that the vapor pressure varies with change in temperature. The variation of vapor pressure with tem- 
perature is studied using Clausius-Clapeyron equation according to which 


; “AH | 
=P 4 
0 P53 303RT 


where A is a constant, R is molar gas constant and a graph between log p and 1/T is a straight line with a negative 
slope = —(AH,,,,)/2.303R. 
This equation can be used to compare the vapor pressure of a liquid at two different pressures in the form: 


Ar et 
log = (3.61) 
p, 2.303R\T, T, 


Vapor Pressure of Solids 


Certain volatile solids evaporate readily and convert into vapors by the process called sublimation. For example, cam- 
phor, solid CO, (dry ice), iodine, NH,Cl, naphthalene, etc. The white trail coming out of jets or rockets is nothing but 
water vapor which gets condensed to ice and is reconverted directly into water vapor. Using this property, the process 
of freeze drying is implemented to process foods such as instant tea, coffee powdered milk etc. This process is also 
known as cryodesiccation, in which substances are cooled to low temperatures of —10°C at 1 atm pressure. The water 
content in the substance gets converted into ice. Then the mixture is subjected to sublimation by which the water 
escapes in form of water vapor leaving behind the dehydrated substance. 


3.18 | INTERMOLECULAR FORCES IN LIQUIDS 


Many properties of liquids, such as boiling, evaporation, surface tension and viscosity, indicate the presence of inter- 
molecular forces between molecules of liquids. For example, when water is heated, bubbles of vapor are formed by 
molecules that have acquired sufficient energy to overcome the intermolecular forces and enter the vapor phase. 
Three types of intermolecular forces are known to exist in neutral molecules. These are: dipole-dipole forces, disper- 
sion (or London) forces and hydrogen bonding. The first two are collectively called van der Waals’ forces and the 
third is observed in substances in which hydrogen atoms are bonded to highly electronegative species. These forces 
are weak in nature with strength of about 10-15% that of regular ionic or covalent bonds. These forces are briefly 
described here and discussed in detail in Chapter 6 (Chemical Bonding). 


1. Dipole—Dipole forces: These are attractive intermolecular forces observed between polar molecules that results 
from the tendency of these molecules to align themselves such that positive end of one molecule is near the nega- 
tive end of the other. For example, hydrogen chloride molecule is polar due to difference in electronegativity 
of hydrogen and chlorine atom. These molecules arrange themselves in a network of alignment of positive and 
negative ends. At room temperature, hydrogen chloride is a gas but as the temperature is lowered to —85°C, the 
molecules slow down and exist as liquid held together by the dipole-dipole intermolecular forces Fig. 3.36. 


Weak intermolecular 
attractions sf : Ba 182 


ge 
x Pad — Sy ag 

& oe cS . 

oon 6+ ‘O- &. 

Strong intramolecular <i ee i fe > 


attractions (bonds) 


https Figures 3:36 DireleaPinglgifersesounts 


Telegram @unacademyplusdiscounts 


Chapter 3 | Gaseous and Liquid States 


2. Dispersion (London) forces: These are observed in non-polar molecules where no dipole-dipole forces are pre- 
sent. These are weak attractive forces between molecules that arise due to instantaneous dipoles that are formed 
between molecules due to variation in the position of electrons during their motion around the nucleus. These 
intermolecular forces increase with increase in molecular weight of the molecules because these molecules are 
more polarizable. The electron cloud is away from the nucleus due to larger size of atoms/molecules and is hence 
easily distorted. 


3. Hydrogen bonding: This is a weak to moderate attractive force that is observed in molecules where hydrogen 
atom is bonded to electronegative atoms such as halogens, oxygen, nitrogen, sulphur etc. Based on dispersion 
forces we would expect the intermolecular forces and hence the boiling point to increase in the order 


H,O <H,S <H,Se < H,Te 


This regular increase is observed for H,S, H,Se and H,Te but water has a much higher boiling point than expected 
only on the basis of dispersion forces. The increased strength of intermolecular forces is due to hydrogen bond- 
ing. The hydrogen atom of one water molecule is attracted to the electron pair present on the oxygen atom of the 
other water molecule and a large number of molecules are linked in this manner (Fig. 3.37). 


° 


5 @ 


Figure 3.37 Hydrogen bonding in water. 


3.19 | CHARACTERISTIC PROPERTIES OF LIQUIDS: SURFACE TENSION 
AND VISCOSITY 


Surface Tension 


A property that is especially evident for liquids is surface tension, which is related 
to the tendency of a liquid to seek a shape that yields the minimum surface area. 
For a given volume, the shape with the minimum surface area is a sphere — it isa 
principle of solid geometry. Surface tension is the force that causes the surface of 
a liquid to contract. It is represented by y and is expressed as Nm‘'. To understand 
surface tension, we need to examine why molecules would prefer to be within a 
liquid rather than at its surface. In Fig. 3.38, we see that a molecule within the 
liquid is surrounded by densely packed molecules on all sides; whereas one at the 
surface has neighbors beside and below it, but none above. As a result, a surface 
molecule is attracted to fewer neighbors than one within the liquid. With this in 
mind, let us imagine how we might change an interior molecule to one at the 


surface. To accomplish this, we would have to pull away some of the surround- Figure 3.38 Surface 
ing molecules. Because there are intermolecular attractions, removing neighbors tension and intermolecular 
requires work; so there is an increase in potential energy involved. This leads to attractions. 


the conclusion that a molecule at the surface has a higher potential energy than 
a molecule in the bulk of the liquid. 
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In general, a system becomes more stable when its potential energy decreases. For a liquid, reducing its surface 
area (and thereby reducing the number of molecules at the surface) lowers its potential energy. The lowest energy is 
achieved when the liquid has the smallest surface area possible (namely, a spherical shape). In more accurate terms, 
then, the surface tension of a liquid is proportional to the energy needed to expand its surface area. 

The tendency of a liquid to spontaneously acquire a minimum surface area explains many common observations. 
Some of which are listed as follows: 


1. Raindrops are like tiny spheres. 
2. It causes the sharp edges of glass tubing to become rounded when the glass is softened in a flame. 


3. It allows us to fill a water glass above the rim, giving the surface a rounded appearance. The surface behaves as 
if it has a thin, invisible “skin” that lets the water in the glass pile up, trying to assume a spherical shape. Gravity, 
works in opposition, tending to pull the water down. So if too much water is added to the glass, the gravitational 
force finally wins and the skin breaks; the water overflows. 


4. Dissolved soaps reduce the surface tension of water, thus allowing the surface to expand and “wet” clothes or skin 
rather than form beads. 


5. An insect can walk over water but would do well to avoid trying to walk on soapy water. Because of the reduced 
surface tension of soapy water, it would sink. 


Surface tension is a property that varies with the strengths of intermolecular attractions. Liquids with strong inter- 
molecular attractive forces have large differences in potential energy between their interior and surface molecules, 
and have large surface tensions. The surface tension of water is among the highest known at a given temperature. As 
the temperature is increased, the kinetic energy of the molecules increases and the strength of intermolecular forces 
decreases. Thus, the surface tension decreases with increase in temperature. 

The intermolecular forces in water are hydrogen bonds which are the strongest kind of dipole-dipole attractions. 
The surface tension of water is roughly three times that of petrol, which consists of relatively non-polar hydrocarbon 
molecules able to experience only London forces. 

Liquids also exhibit a phenomenon called capillary action, the spontaneous rising of a liquid in a narrow tube. This 
action results from the cohesive forces within the liquid and the adhesive forces between the liquid and the walls of the 
container. If the forces between the liquid and the container are greater than those within the liquid itself, the liquid 
will climb the walls of the container. 


Note: In tall trees with height of 100 to 150 m, the water reaches the leaves at the very top; even though under 
atmospheric pressure, it rises in a glass tube to a maximum height of 5-6 m. This behavior can be explained on the 
basis of capillary action that causes water to rise from the roots of the tree to all its parts. 


Viscosity 
We have seen that thick syrup flows less readily or is more resistant to _ Volumes of water all Volumes of water not all 
flow than water (both at the same temperature). Flowing is a change in _at the same x position at the same position 


at time t, at time tp 


the form of the liquid, and such resistance to a change in form is called 
the liquid’s viscosity. We say that syrup is more viscous than water. The 
concept of viscosity is not confined to liquids, however, although it is 
with liquids that the property is most commonly associated. Solid things, 
even rock, also yield to forces acting to change their shapes, but normally 
do so only gradually and imperceptibly. Gases also have viscosity, but 
they respond almost instantly to form-changing forces. 

When a liquid flows slowly over a fixed surface, the layer in con- 
tact with the fixed surface is stationary and the velocity of the layers SS INSEE 
increases as the distance of the layers from fixed surface increases. This SSAA 
type of flow in which there is a gradient of velocity in passing from one Figure 3.39 The effect of friction-like 
layer to the next is known as a laminar flow. If we consider any one forces on laminar flow. The layers closest 
layer of the liquid, the layer immediately above is moving faster than 9 the walls are slowed down most. 
that layer and the layer immediately below is moving slower than that 
layer. As a result, the layer above tends to accelerate the motion while 
the layer below tends to retard the flow. This property by virtue of which it opposes the relative motion between dif- 


ferent layers is known as viscosity onthe. “internal friction’-ofa material (Fig, dni) 
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We have seen that, the velocity v of the flow is inversely proportional to the distance x from the fixed surface. Also, 
Newton showed that the viscous force is directly proportional to the surface area A of contact between the liquid and 
the fixed surface. Thus, the force acting on the liquid can be given by 

Av 


F oc — 
x 


Note: We can introduce a negative sign in the relationship, simply to indicate that the direction of force opposes 
that of the velocity. 


We can replace the term v/x by velocity gradient dv/dx which is a measure of rate of change of velocity (dv) with dis- 
tance (dx). Then, 


dv 
eo 7 (3.62) 


where 77 is a constant that depends on the nature of the liquid and is known as coefficient of viscosity. It is defined 
for a liquid as the force required per unit area to maintain a unit velocity gradient between two layers that are unit 
distance apart. The SI unit of viscosity coefficient is Newton second per square meter (Nsm_°) or pascal second 
(Pa s = 1kg m''s”). In the cgs system, the unit for viscosity coefficient is poise, after the scientist Louis Poiseuille who 
did pioneering work on viscosity. 

Viscosity is influenced both by intermolecular attractions and by molecular shape and size. For molecules of 
similar size, we find that as the strengths of the intermolecular attractions increase, so does the viscosity. For example, 
consider acetone (nail polish remover) and ethylene glycol (antifreeze), each of which contains 10 atoms. 


fe) 
| 


H;C —C—CH; HO—CH,—CH,—OH 
Acetone Ethylene glycol 


Ethylene glycol is more viscous than acetone, and looking at the molecular structures, it is easy to see why. Acetone 
contains a polar carbonyl group (>C = O), so it experiences dipole-dipole attractions as well as London forces. 
Ethylene glycol, on the other hand, contains two —OH groups. So in addition to London forces, ethylene glycol mol- 
ecules also participate in hydrogen bonding (a much stronger interaction than ordinary dipole—dipole forces). Strong 
hydrogen bonding in ethylene glycol makes it more viscous than acetone. 

Molecular size and the ability of molecules to tangle with each other is another major factor in determining vis- 
cosity. The long, entangling molecules in heavy machine oil (almost entirely a mixture of long-chain, non-polar hydro- 
carbons), plus the London forces in the material, give it a viscosity roughly 600 times that of water at 15°C. Vegetable 
oils, like the olive oil or sunflower seed oil, consist of molecules that are also large but generally non-polar. Olive oil is 
roughly 100 times more viscous than water. 

Viscosity also depends on temperature; as the temperature drops, the viscosity increases. When water, for example, 
is cooled from its boiling point to room temperature, its viscosity increases by over a factor of three. As the tempera- 
ture drops, molecules move more slowly and intermolecular forces become more effective at restraining flow. 


Solved Example | 3-54 | 


An insect can walk over water but would do wellto avoid Solution 


trying to walk on soapy water. : i 
ae Py Because of the reduced surface tension of soapy water, it 


would sink. 
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Solved Example | 3-55 | 


Why does water has higher viscosity than methyl alcohol? water are greater than those in methyl alcohol, water has 
higher viscosity than methyl alcohol. 
Solution 


Greater are the intermolecular forces, higher is the 
viscosity of the liquid. Since intermolecular forces in 


Solved Example | 3-56 | 


Assuming ideal gas behavior, water vapor at 100°C and Given that density of water at 373 K = 0.9584 g cm™. So, 
1 atm has a molar volume of how many times that of liq- the volume of liquid water is 
uid water under the same conditions? Given that p,,,., = 
0.9584 g cm™ at 100°C. pots" * -oa5os eae 
Pp 0.9584 
Solution 
Therefore, the molar volume of water vapor is (30.62/ 


Ae ne larve ume Of Waler Vapors 18.78) = 1.6 times that of liquid water. 


RT _ 0.0821 x 373 
P 


4 = 30.62 L mol! 


m(water vapor) = 


SOLVED OBJECTIVE QUESTIONS FROM PREVIOUS YEAR PAPERS 


1. Negative deviation from ideal behavior is due to the fact 4/9 
that (IIT-JEE 2003) a (=) (2) 
(A) there exist molecular interaction and pV/nRT > 1 m 


(B) there exist molecular interactions and pV/nRT <1 7 
(C) atoms have finite size and pV/nRT > 1 Therefore, the kinetic energy = 3/2 kT or 2E = 3kT. 
(D) atoms have finite size and pV/nRT <1 Substituting in Eq. (2), we get 
Solution 7 (=) 
(B) For positive deviation, pV = nRT + npb. Thus, the = m 
factor nPb is responsible for increasing the pV value 
above ideal value. The quantity 5 is actually the effec- 3. If methane and helium are allowed to diffuse out of a con- 
tive volume of molecule. So, it is the finite size of mol- tainer under identical conditions of temperature and pres- 
ecules that leads to the origin of b and hence positive sure, the ratio of rate of diffusion of methane to helium is 
deviation at high pressure. (A) 4.0 (B) 2.0 
2. For a monoatomic gas kinetic energy = E. The relation with (C) 1.0 (D) 0.5 (IIT-JEE 2005) 
rms velocity is : 
re a Solution 
2E 3E 
(A) ttm = (72) (B) thm, =(3= (D) The ratio is 
(CO) tie = (Zz) (D) u.. = (4) Rate of diffusion of methane =| 4 ) —1_ ae 
mm (2m m (3m Rate of diffusion of helium (16) 2 
(IIT-JEE 2004) 
Solution 4. A monatomic ideal gas undergoes a process in which the 
1. in ratio of p to V at any instant is constant and equal to 1. 
(A) Since p= 3 x a xu, we have What is the molar heat capacity of the gas? 
3pv \" fay * (iy 34 
Urns =| —— 1 
==) (1) 5 5 
where u,,,, is the rms velocity for 1 molecule. (C) SR (D) 0 (IIT-JEE 2006) 


Substituting pV = kT in Eq. (1), we get a 
: a hile. 7) elegesremetnaeademueinedicoounts 


Chapter 3 | Gaseous and Liquid States 


Solution 


(A) We know that pV’ = constant. Given that p/V = con- 
stant so, pV—1 = constant or y = —1. Now, the molar 
heat capacity for any process is 


c=C,+ ae 
1-7 
For a monoatomic gas, C,, = (3/2)R. Substituting, we 
get 
was R__3R+R_4R_ 


R+ 
2 1-(-1) 2 2 


5. The given graph in Fig. 3.40 represents the variation of Z 
(compressibility factor = pV/nRT) vs. p, for three real gases 
A,B and C. Identify the only incorrect statement. 

A 

Ideal gas 

B 
ssesnecess= C 


p (atm) 


Figure 3.40 


(A) For the gas A, a = 0 and its dependence on p is linear 
at all pressures. 

(B) For the gas B, b =0 and its dependence on p is linear at 
all pressures. 

(C) For the gas C, which is typical real gas for which nei- 
ther a nor b = 0. By knowing the minima and the point 
of intersection, with Z = 1,a and b can be calculated. 

(D) At high pressure, the slope is positive for all real gases. 

(IIT-JEE 2006) 


Solution 


(B) 6 relates to the incompressible volume of the mole- 
cules and measures the effective size of gas molecules. 
Z = pV/RT = 1 for an ideal gas. 


6. Match gases under specified conditions listed in Column 1 
with their properties/laws in Column I. 


Column | Column Il 
(A) Hydrogen gas (p) Compression factor #1 
(p = 200 atm, 
T =273 K) 
(B) Hydrogen gas (q) Attractive forces are 
(p ~ 0, T = 273 K) dominant 
(C) CO, (p=1atm, (tr) pV =nRT 


T =273 K) 
(D) Real gas with very 
large molar volume 


(s) DV —nb) =nRT 


(IIT-JEE 2007) 
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Solution 


A > (p,s);B > (r);C > (p,q); D > (ps) 

(A) Z=1 for ideal gas. At low temperature and high pres- 
sure, real gases show ideal behavior which means 
the equation [p + an’/V’] [V — nb] = nRT reduces to 
P(V —nb) =nRT. 

(B) For H, gas, the value of Z = 1 at p = 0 and it increases 
continuously on increasing p (Fig. 3.41). 


A 
al 
py 124 


~nRAT 1-0 
0.8 4 


0.6 4 
0.4 4 
1 1 1 1 > 
O 200 400 600 800 
p/bar 
Figure 3.41 


Ideal gas 


(C) CO, molecules have larger attractive forces, under 
normal conditions. 

(D) As Z = pV,,/RT, at very large molar volume Z is not 
equal to 1. 


. A gas described by van der Waals equation 


(A) behaves similar to an ideal gas in the limit of large 
molar volumes. 

(B) behaves similar to an ideal gas in the limit of large 
pressures. 

(C) is characterized by van der Waals coefficients that are 
dependent on the identity of the gas but are independ- 
ent of the temperature. 

(D) has the pressure that is lower than the pressure exerted 
by the same gas behaving ideally. (IIT-JEE 2008) 


Solution 


(A, C, D) The van der Waals equation is 
na 


At low pressure, when the sample occupies a large volume, 
then the intermolecular forces do not play any significant 
role and the gas behaves virtually perfectly ideal. 
Constants a and b are called van der Waals constants and 
their value depends on the characteristic of a gas. Value of 
a is a measure of magnitude of intermolecular attractive 
forces within the gas and is independent of temperature 
and pressure. 
The observed p correction term is added as 
_ rn an? 

Piaeat = Preat ve 
Pressure exerted by real gas is lower than the pressure 
exerted by the ideal gas. 


. The term that corrects for the attractive forces present in a 


real gas in the van der Waals equation is 
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10. 


11. 


(A) nb (B) a 

an? 
(C) pe (D) -nb (IIT-JEE 2009) 
Solution 


(B) The measure of forces of attraction for n moles of real 
gas (1’a/V’) 


2 
[p+ St ey —nby=ner 


. At 400 K, the root mean square (rms) speed of a gas X 


(molecular weight = 40) is equal to the most probable 
speed of gas Y at 60 K. The molecular weight of the gas 
Y is (IIT-JEE 2009) 


Solution 


(4) Given that u,,,, (X gas) at 400 K = u,,, (Y gas) at 60 K, 
molecular weight M, = 40, M, = ?, T, = 400 K and T, = 
60 K. Therefore, 


3RT, _ [2RT, 
M, YM, 
ALLEL 2xRx60 
40 y MM, 


Solving, we get M, = 4. 


To an evacuated vessel with movable piston under exter- 
nal pressure of 1 atm., 0.1 mol of He and 1.0 mol of an 
unknown compound (vapor pressure 0.68 atm at 0°C) are 
introduced. Considering the ideal gas behavior, the total 
volume (in liters) of the gases at 0°C is close to ‘ 

(IIT-JEE 2011) 


Solution 


(7) Let V be the volume of the gas. Applying ideal gas 
equation pV =nRT, we get 
_ pV V 


n=— =0.68 x — 
RT RT 


So, the total moles of gas present in the vessel will 
be = (0.1 + 0.68 x V/RT) 
Again applying ideal gas equation pV =nRT, we get 


1xV= [oa 0.68 x =| RT =0.1RT +0.68V 


Solving, we get 


V =0.1x0.082x22 = 7 
0.32 


According to kinetic theory of gases, 

(A) collisions are always elastic. 

(B) heavier molecules transfer more momentum of the 
wall of the container. 

(C) only a small number of molecules have very high 
velocity. 

(D) between collisions, the molecules move in straight 
lines with constant velocities. (IIT-JEE 2011) 
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Solution 


(A, B, C, D) 

(A) Collisions of gas molecules are perfectly elastic which 
means that the total energy of the molecules before 
and after the collision remains the same. 

(B) Heavier particles transfer more momentum because 
momentum depends on the mass. 

(C) Only a small number of molecules possess very high 
velocity. 

(D) Particles of gas move in all possible directions in 
straight lines. The distribution of speed remains con- 
stant at a particular temperature. 


12. For one mole of a van der Waals gas when b = 0 and T = 
300 K,the pV vs. 1/V plot is shown in Fig. 3.42. The value of 


the van der Waals constant a (atm L’ mol”) is 


Graph not to scale 
24.6 7 ! 
3 23.1 + 
E 21.6 7 
¥ 20.1 4 
LQ 1 1 
= | | 
S 
> : 
0 20 3.0 
x (mol liter-’) 
Figure 3.42 
(A) 1.0 (B) 4.5 
(C) 1.5 (D) 3.0 (IIT-JEE 2012) 
Solution 


(C) van der Waals equation is 


(o+ S]v-)=R7 


but it is given that b = 0. So, the equation reduces to 


a a 
t V=RT => pV =-—+RT 
(o4:8, vant pve-t 


Comparing it with a straight line equation we get slope 
as —a. Calculating the slope, we get 


24.6— 20.1 _ 
3.0-0 


15>5a=15 


Passage for Questions 13 and 14: X and Y are two volatile 
liquids with molar weights of 10 g mol and 40 g mol", 
respectively. Two cotton plugs, one soaked in X and the 
other soaked in Y, are simultaneously placed at the ends 
of a tube of length L = 24 cm, as shown in Fig. 3.43. The 
tube is filled with an inert gas at 1 atmosphere pressure 
and a temperature of 300 K. Vapors of X and Y react to 
form a product which is first observed at a distance d cm 
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from the plug soaked in X. Take X and Y to have equal 
molecular diameters and assume ideal behaviour for the 
inert gas and the two vapors. 


L=24cm 
ifr . ry 
ip 
Cotton wool —— « Cotton wool 
soaked in X d soaked in Y 


Initial formation of 
the product | 


Figure 3.43 


13. The value of d in cm (shown in Fig. 3.43), as estimated from 
Graham’s law, is 
(A)8 


(B) 12 (C) 16 (D) 20 


(JEE Advanced 2014) 
Solution 


(C) Using Graham’s law of diffusion we have that for 
identical conditions, rate of diffusion varies inversely 
with square root of mass of the gases. So, 


x 40)? 
= x=16 
24-x (=) 


14. The experimental value of d is found to be smaller than the 
estimate obtained using Graham’s law. This is due to 
(A) larger mean free path for X as compared to that of Y 
(B) larger mean free path for Y as compared to that of X 
(C) increased collision frequency of Y with the inert gas as 
compared to that of X with the inert gas 
(D) increased collision frequency of X with the inert gas 
as compared to that of Y with the inert gas 
(JEE Advanced 2014) 


Solution 


(D) Collision frequency of X is greater than Y. 


15. One mole of a monoatomic real gas satisfies the equation 
P(V — b) = RT where b is a constant. The relationship of 
interatomic potential V(r) and interatomic distance r for 
the gas is given by 


V(r) vn) 
0 0 
r ‘3 
(A) (B) 
vr) Un) 
0 0 
r r 
(C) (D) 
(JEE Advanced 2015) 


16. 


17. 


18. 


19. 


om 
(7 
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Solution 


(C) As interatomic forces are absent; the interatomic 
potential does not vary with interatomic distance. 


According to the kinetic theory of gases, in an ideal gas, 
between two successive collisions a gas molecule travels 
(A) ina circular path. 

(B) ina wavy path. 

(C) ina straight line path. 


(D) with an accelerated velocity. (AIEEE 2003) 


Solution 


(C) This is one of the assumption of kinetic theory of 
gases. 

As the temperature is raised from 20°C to 40°C, the aver- 

age kinetic energy of neon atoms changes by a factor of 

which of the following? 

(A) 1/2 

(C) 313/293 


(B) 2 
(D) 313/293 
(AIEEE 2004) 


Solution 


(C) T,=273 + 20 =293 K and T, = 273 + 40 = 313 K. As the 
kinetic energy is proportional to the temperature, we 
have 


E, 7, 293 Ey _ 
E, T, 313 E, 293 


In van der Waals equation of state of the gas law, the con- 
stant b is a measure of 

(A) intermolecular repulsions. 

(B) intermolecular collisions per unit volume. 

(C) volume occupied by the molecules. 


(D) intermolecular attractions. (AIEEE 2004) 


Solution 


(C) Volume occupied by the molecules 
The van der Waals equation for 1 mol of gas is: 


[p+ ]v-0)=R7 


where b is the measure of effective size of the gas mol- 
ecules. It is also called co-volume or excluded volume. 


Which one of the following statements is NOT true about 

the effect of an increase in temperature on the distribution 

of molecular speeds in a gas? 

(A) The most probable speed increases. 

(B) The fraction of the molecules with the most probable 
speed increases. 

(C) The distribution becomes broader. 

(D) The area under the distribution curve remains the 
same as under the lower temperature. (ATEEE 2005) 


Solution 


(B) According to Maxwell’s distribution, the most prob- 
able velocity increases as the fraction of molecules 
possessing most probable velocity decreases. 


https://telegram.me/unacademyplusdiscounts 


20. An ideal gas is allowed to expand both reversibly and irre- 
versibly in an isolated system. If 7, is the initial tempera- 
ture and 7, is the final temperature, which of the following 
statements is correct? (AIEEE 2006) 
(A) (Tyne > (Te 
(B) T, > T, for reversible process but T,= T, for irreversible 

process. 
(C) (Tprev = (Tisrev 
(D) T,= T, for both reversible and irreversible processes. 


Solution 


(D) In an ideal gas, there are no intermolecular forces of 
attraction. So, T,= T, for both reversible and irrevers- 
ible processes. 


21. Equal masses of methane and oxygen are mixed in an 
empty container at 25°C. The fraction of the total pressure 
exerted by oxygen is 


1 2 

A) = Ry = 

(A) 5 (B) 3 

(C) paella (D) Z (AIEEE 2007) 
3 298 3 

Solution 


(D) Let the mass of methane and oxygen be x because 
they are equimolar (same masses) grams 


Number of moles 


Mole fraction of oxygen = ___of oxygen 
Total number 


of moles 


where number of moles of oxygen = x/32 (molecular 


mass of O, is 32) 

Number of moles of methane = x/14 (molecular mass 
of CH, is 16) 

Therefore, mole fraction of oxygen is 


x/32 1 
(x/32)+(x/16) 3 
Let the total pressure be p. Then, partial pressure of 
oxygen is 


Po, = Mole fraction of oxygen x P,,..) = : xX p= . 

22. Two liquids X and Y form an ideal solution. At 300 K, 
vapor pressure of the solution containing 1 mol of X and 
3 mol of Y is 550 mm Hg. At the same temperature, if 1 mol 
of Y is further added to this solution, vapor pressure of the 
solution increases by 10 mm Hg. Vapor pressure (in mm 
Hg) of X and Y in their pure states will be, respectively, 
(A) 400 and 600 (B) 500 and 600 
(C) 200 and 300 (D) 300 and 400 


(AIEEE 2009) 


Solution 


(A) Mole fraction of X and Y are 


Mole fraction of X = as = 4 
14+3 4 

: 3 3 
Molefraction of Y =—— = — 
14+3 4 
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Total pressure = Partial pressure of X x Mole fraction 
of X + Partial pressure of Y x Mole fraction of Y 


550 = 2X 4 Pe (1) 
4 4 
550x4 = p°y +3p°y 


When one mole of Y is added then mole fraction of X 
becomes 1/(1 + 4) = 1/5 and mole fraction of Y becomes 
4/(1 + 4) = 4/5. Now, the total pressure given as 


560 = 2x. 4 4Pry (2) 
5 5 
560 x5 = p°, +4p°, 


Solving Eqs. (1) and (2), we get p°, = 400 mm Hg and 
Py = 600 mm Hg. 

23. If 10% dm’ of water is introduced into a flask at 300 K, how 
many moles of water are in the vapor phase when equi- 
librium is established? (Given: Vapor pressure of H,O at 
300 K is 3170 Pa; R=J K'mol") 

(A) 1.27 x 10° mol (B) 5.56 x 10° mol 
(C) 1.53 x 107 mol (D) 4.46 x 10° mol 
(AIEEE 2010) 


Solution 
(A) Using ideal gas equation pV = nRT, we get 
_pV_ 3170 x 10% atmx1L 


"RT 0.0821 Latm K~ mol x 300 K 
=1.27x10° mol 


24. A vessel at 100 K contains CO, with a pressure of 0.5 atm. 
Some of the CO, is converted into CO on the addition of 
graphite. If the total pressure at equilibrium is 0.8 atm, the 
value of K, is 


(A) 3 atm (B) 0.3 atm 
(C) 0.18 atm (D) 18 atm (ATEEE 2011) 
Solution 
(D) The reaction is CO,(g) + C(s) = 2CO(g) 
Initial concentration P 0 
At equilibrium -X 2X 
Also, p « n. Now, 
ee 
p+X 08 


Solving, we get X = 0.3. Now, Peo, = p— X =0.5-0.3 
=0.2 atm and pg =2X =2 x 0.3 = 0.6. The value of K, 
can be calculated as 


K,= Peo _ 0.6X0.6 
Po, 0.2 


=1.8 atm 


25. Chlorine is more easily liquefied than ethane because (‘“‘a” 
and “b” are van der Waals constants for gases). 
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(A) aand b for Cl, < a and b for C,H, 
(B) a for Cl, <a for C,H, but b for Cl, > a for C,H, 
(C) a for Cl, >a for C,H, but b for Cl, < a for C,H, 
(D) aand b for Cl, > a and b for C,H, 
(AIEEE 2011) 


Solution 


(C) Ease of liquefaction « a/b 
For easily liquefiable gas, more should be the value of 
a and less should be the value of b. 
For ethane, a = 5.49, b = 0.0638 and for CL, a = 6.49, 
b =0.0562. 


. The compressibility factor for a real gas at high pressure is 
(A) 1+ RT/pb (B) 1 
(C) 1+ pb/RT (D) 1-pb/RT 

(AIEEE 2012) 


Solution 


(C) According to van der Waals equation, we have 
a 
P+oa (V —nb) = RT 


At high pressure, a/V’ is very large so it is neglected 
in comparison to p. Now, p(V — b) = RT for 1 mol of a 
gas, that is, 7 = 1. Also, 


pV =RT+pb 
or pV =1+ pb 

RT RT 
where Z = 1 + pb/RT is known as the compressibility 
factor. 


27. For gaseous state, if most probable speed is denoted by C%*, 


average speed by C and mean square speed by C then fora 
large number of molecules the ratio of these speeds are 


28. 
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(A) C¥:C:C =1.128:1.225:1 
(B) C#:C:C =1:1.128:1.225 
(C) C#:C:C =1:1.125:1.128 


(D) C*:6:C =1.225:1.128:1 (JEE Main 2013) 
Solution 
(B) We know that C* = an = jane 2 ee 

M mM M 


8 
CFeG C= Pee 


Solving, we get C*#: C : C = 1.414:1.595:1.732 = 1:1.128:1.225 


Thus, we have 


If Z is a compressibility factor, van der Waals equation at 
low pressure can be written as 
gaia (i 2212-4 

pb VRT 
(iy Zea *” Gg eaige” 

RT RT 

(JEE Main 2014) 

Solution 


(B) Weknowthatcompressibilityfactorisgivenby Z = av. 
For one mole of gas, we have RT 


[>+ S)v-0)=R7 


At low pressure, volume is very high, so V > b and thus 
V-beb. 


a a 
+; |(V)=RT => pV =RT-— 
(> a ) P Z 


A eee, 
RT 


=> 


REVIEW QUESTIONS 


. A gas occupies a volume of 3.86 L at 0.750 atm. At what 
pressure will the volume be 4.86 L? 


. What is the volume of the gas in a balloon at —195°C if the 
balloon has been filled to a volume of 5.0 L at 25°C? 


. A highly viscous liquid was heated from 10°C to 14°C. 
What will be the percent decrease in viscosity. 


. Decide which law predicts the behavior of gas in each of 

the following conditions: 

(a) A balloon in the winter being moved from indoors to 
outdoors. 

(b) A car tyre pressure fluctuating over the course of a 
year. 

(c) Dry ice being used in a fog machine to cover a stage 
with mist. 

(d) Piston movement in an internal combustion engine. 


5, 


6. 


Which of the following substances can be liquefied just 
by compression at room temperature? Give the condition 
necessary for liquefaction for the other gases. 


Substance Critical Critical Pressure 
Temperature (K) (atm) 

Nitrogen 126 33:5 

Ethanol 516 63 

Butane 272.5 38 

Sulphur dioxide 431 78 


Between H, and O,, which will move with a higher speed? 
Calculate the temperature at which the speed of oxygen 
equals that of hydrogen at 40 K. 
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14. 
15. 


- NaCl is soluble is soluble in H,O but is not insoluble in 


CCl,. Explain on the basis of ion—dipole interactions. 


. Give two practical applications indicating the useful prop- 


erty of incompressiblity in liquids. 


. Differentiate between a barometer and a manometer? 


. What volume of “wet” methane would you have to collect 


at 20.0°C and 742 mm Hg to be sure that the sample con- 
tains 244 mL of dry methane (also at 742 mm Hg)? 


. Using Boyle’s law and Charles’ law, derive combined gas law. 
. Why do N,O and CO, have the same rate of diffusion 


under same conditions of temperature and pressure? 


. What would happen to a balloon if the collisions between 


gas molecules were not perfectly elastic? What would hap- 
pen to a balloon if the gas molecules were in a state of con- 
stant motion but the motion was not random? 


Compare the rates of diffusion of **UF, and **UF,. 


CO, is heavier than O, and N, gases present in the air, 
but it does not form the lower layer of the atmosphere. 
Why? 


16. 


17. 


18. 


19. 


20. 


21. 
22. 


23. 
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Numerical Problems 


The molecular speeds of gaseous molecules are analogous 
to those of rifle bullets. Then why is the odor of a gas not 
detected so fast? 


What is the ratio of average kinetic energy of oxygen mol- 
ecules to that of ozone molecules at 27°C? 


Differentiate between total kinetic energy and transla- 
tional kinetic energy? For what type of molecules, the two 
are equal? 


Out of N, and NH,, which one will have greater value for 
van der Waals constant “a” and which one will have greater 
value for van der Waals constant “b”? 

The critical temperature (T.) and critical pressure (p,) of 
CO, are 30.98°C and 73 atm, respectively. Can CO, (g) be 
liquefied at 32°C and 80 atm pressure? 

Why are falling liquid drops spherical? 

What happens if a liquid is heated to the critical tempera- 
ture of its vapors? 

Prove that the excluded volume “b” is four times the actual 
volume of the gas molecules. 


NUMERICAL PROBLEMS 


. How many number of moles and molecules of O, are there 


in 64 g O,? What is the mass of one molecule of O,? 


. Two moles of ammonia occupied a volume of 5 L at 


27°C then calculate the pressure of the gas if it obeys van 
der Waals equation given a = 4.17 atm L’ mol” and b = 
0.037 L mol". 


. A gaseous system has a volume of 580 cm’ at a certain 


pressure. If its pressure is increased by 0.96 atm, its volume 
becomes 100 cm’. Determine the pressure of the system. 


. A balloon filled with helium raises to a certain height at 


which it gets fully inflated to a volume of 1 x 10° L. If at this 
altitude temperature and atmospheric pressure is 268 K 
and 2 x 10° atm, respectively, what weight of helium is 
required to fully inflate the balloon? 


. Time taken to diffuse 40 mL of oxygen gas is 20 s. Calculate 


the time required to diffuse 120 mL of CH,? 


. Compressibility factor (Z) for N, at —50°C and 800 atm 


pressure is 1.95. Calculate the number of moles of N, gas 
required to fill a gas cylinder of 100 mL capacity under the 
given conditions. 


. A balloon blown up has a volume of 500 mL at 5°C. 


The volume is decreases to seven-eighth of its maximum 

stretching capacity. 

(a) Will it burst at 30°C 

(b) Calculate the minimum temperature above which it 
will burst. 


. LOL of a mixture of CO and CO, is taken. The mixture is 


passed through the tube containing red hot charcoal. The 
volume now becomes 1.6 L measured under the same con- 
ditions. Find the composition of the mixture by volume. 


9. 


10. 


11. 


12. 


13. 


A sample of cool gas contains 50% hydrogen, 30% marsh 
gas (CH,), 14% carbon monoxide and 6% ethylene. 100 mL 
of this coal is mixed with 150 mL of oxygen and mixture is 
exploded. What will be the volume and composition of the 
resulting gas when cooled to the original temperature? 


Two moles ammonia gas are enclosed in a vessel of 5 L 

capacity at 27°C. Calculate the pressure exerted by the gas 

assuming that: 

(a) the gas behaves as an ideal gas. 

(b) the gas behaves as a real gas (a = 4.17 L’ atm mol", 
b =0.37 L mol’) 


The density of the vapor of a substance at 1 atm pressure 
and 500 K is 0.36 kg m™’. The vapor effuses through a small 
hole at a rate of 1.33 times faster than oxygen under the 
same conditions. 


(a) Determine (i) molar weight; (ii) molar volume; 
(iii) compression factor (Z) of the vapor and (iv) 
which forces among the gas molecules are dominating, 
the attractive or the repulsive. 

(b) If the vapor behalves ideally at 1000 K, determine the 
average translational K.E. of a molecule. 


Calculate the compressibility factor for CO, if one mole 
of it occupies 0.4 L at 300 K and 40 atm. Comment on the 
result. 


Two gases A and B having molecular weights 60 and 45, 
respectively, are enclosed in a vessel. The weight of A is 
0.50 g and that of B is 0.2 g. The total pressure of the mix- 
ture is 750 mm Hg. Calculate the partial pressure of the two 
gases. 
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A container has SO, gas at 2 atm pressure in a vessel of 
V L capacity, if the number of moles of SO, are doubled 
in the same container at same temperature and volume. 
Calculate new pressure in the container. 


A tank is filled with gas to a pressure of 5 atm at 10°C. The 
safety valve on the tank is set for 10 atm pressure. To what 
temperature must the tank be heated in order to below the 
safety valve? 


The compressibility factor for CO, gas at 273 K and 100 atm 
pressure is 0.2005. Calculate the volume occupied by 0.2 
mol of CO, at 100 atm and 273 assuming (a) ideal gas 
nature and (b) real gas nature. 


The density of the mixture of nitrogen and oxygen is 
1.15 g L™ at 750 mm Hg at 27°C. Calculate the percent- 
age composition of these gases in the mixture. Assume the 
gases behave ideally. 


100 mL of mixture of methane and acetylene was exploded 
with excess of oxygen. After explosion and cooling the mix- 
ture was treated with KOH, when the reduction 135 mL 
was observed. Find the volumetric composition of the mix- 
ture. All the volumes are measured at the same tempera- 
ture and pressure. 


Calculate the volume occupied by 4.0245 x 10” molecules 
of O, at 27°C having pressure of 700 torr. 


Calculate the moles, molecules and weight of hydrogen gas 
contained in a 10 L flask at a pressure of 75 cm Hg and at 
temperature 25°C. 


The compressibility factor for a given real gas is 0.927 at 
273 K and 100 atm. Calculate the amount of O, required to 
fill a gas cylinder of 100 L capacity under given conditions 
(molecular weight of gas = 30) 


The density of oxygen at STP is 0.00143 g mL”. Find the 
rms velocity, average velocity and most probable velocity. 


Calculate the volume correction and pressure correction 
for 4.4 g CO, kept in 1 L flask. Given a = 3.6 atm L’ mol” 
and b = 0.04 L mol" for CO,. 


Two bulbs A and B of equal capacity are filled with He and 

SO,, respectively, at the same temperature. 

(a) If the pressure in two bulb is same, what will be the 
ratio of the velocities of the molecules of two gases? 

(b) At what temperature will the velocity of SO, mole- 
cules becomes half of the velocity of the He molecules 
at 27°C? 


25. 
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32. 
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(c) How will the velocities be affected if the volume of B 
becomes 4 times that of A? 

(d) How will the velocities be affected if half of the mol- 
ecules of SO, are removed from B? 


Total pressure exerted by a mixture of two gases in a con- 
tainer is 500 mm Hg. The pressure of 1st gas is 200 mm Hg. 
Then calculate mole fraction of each gas and partial pres- 
sure of gas. 


Calculate the temperature of gas if it obeys van der Waals 
equation from the following data. A flask of 25 L contains 
10 mol of a gas under 50 atm. Given a = 5.46 atm L’ mol” 
and b = 0.031 L mol! 


10 mL of gaseous hydrocarbon are exploded with 100 mL 
of oxygen. The residual gas, on cooling, is found to measure 
95 mL of which 20 mL are absorbed by KOH solution and 
remained by pyrogallol solution. Determine the molecular 
formula of hydrocarbon. 


A gas which is contained in a closed container volume of 
20 L at 300 K. If temperature is increased by 50% then 
calculate % change in volume assuming pressure constant. 


Pressure as low as 10° torr (1 torr = 1/760 atm) are obtained 
in high vacuum systems at 30°C. How many gaseous mol- 
ecules per mL are present in such a vacuum? 


Temperature at the foot of a mountain is 30°C and pressure 
is 760 mm Hg whereas at the top of the mountain these are 
0°C and 710 mm Hg. Compare the densities of the air at the 
foot and at the top of the mountain. 


The volume of 0.0227 mol of gas is 550 mL at a pressure of 

1.25 atm and a temperature of 22°C. 

(a) What is the volume at 1.25 atm and 44°C? 

(b) What is the volume if 0.0115 mol of gas is added at the 
same T and p? 

(c) What is the pressure at 122°C if the volume remains 
550 mL? 

(d) What is the pressure at 22°C if the volume expands to 
825 mL? 

(e) What is the volume when you convert to STP 
conditions? 


Calculate the average volume available to a molecule in a 
sample of nitrogen gas at STP. What is the average distance 
between neighboring molecules if a nitrogen molecule is 
assumed to be spherical? 


ADDITIONAL OBJECTIVE QUESTIONS 


Single Correct Choice Type 


1. 


The compressibility of a gas is less than unity at STP. 
Therefore, 

(A) V,,>22.4L 
(C) V,, = 22.4 L 


(B) V, <22.4L 


m 


(D) V,,> 44.8 L 


. A gaseous compound X contained 44.4% C, 51.9% N and 


3.7% H. Under the same conditions, 30 cm’ of X diffused 
through a pinhole in 25 s and the same volume of H, dif- 
fused in 4.81 s. The molecular formula of X is 

(A) C,H,N 


3. 


4. 


(B) lattaay/telegram.me/unacadelfry AeSAAAUnts 


(C) C,HLN, (D) C,HLN, 


Four particles have velocities 1, 0,2, 3 ms '. The root mean 
square of the particles is (in ms) 


(A) 3.5 (B) V3.5 
(C) 15 (D) v14/3 
A mixture of methane and ethene in the molar ratio of x:y 


has a mean molar mass of 20. What would be the mean 
molar mass if the gases are mixed in the molar ratio of y:x? 
(A) 22 g mol! (B) 24g mol" 
(D) 19 g mo! 


10. 


11. 


. A flask of capacity one L contains NH, at 1 atm and 25°C. 


A spark is passed through until all the NH, is decomposed 
into N, and H,. Calculate the pressure of gases left at 25°C. 
(A) 2 atm (B) 0.5 atm 

(C) 1.5 atm (D) 1 atm 


. The rms speed of the gas molecule at temperature 27 K and 


pressure 1.5 bar is 1 x 10‘ cms". If both temperature and 
pressure are raised three times, the rms speed of the gas 
molecules will be 
(A) 9x 10*cms* 
(C) V3 x10'cms? 


(B) 3x10' cms" 
(D) 1x10*cms™ 


. Since the atomic weights of C, N and O are 12, 14 and 16u, 


respectively, among the following pair, the pair that will dif- 
fuse at the same rate is 

(A) carbon dioxide and nitrous oxide. 

(B) carbon dioxide and nitrogen peroxide. 

(C) carbon dioxide and carbon monoxide. 

(D) nitrous oxide and nitrogen peroxide. 


. SO, (g) decomposes according to the equation 2SO,(g) > 


2SO,(g)+O,(g). A sealed container contains 0.5 mol of 
SO, gas at 100°C and 2 atm pressure. What would be the 
pressure in the container if the SO, gas is decomposed 
completely according to the above equation and the tem- 
perature were maintained at 100°C? 

(A) 0.5 atm (B) 1.0 atm 

(C) 2.0 atm (D) 3.0 atm 


. If the pressure of a given mass of gas is reduced to half and 


temperature is doubled simultaneously, the volume will be 
(A) same as before. 

(B) twice as before. 

(C) four times as before. 

(D) one fourth as before. 


A general form of equation of state for gases is 


pv =RT|As3eCe. 
VV 


| where V is the molar volume 
of the gas and A, B, C, ... are constants for the gas. The 
values of A and B if the gas obeys van der Waals equation 
are, respectively. 


a 2a 
A) —,b B ,b 
( Dae ( er 
a a 
C) 1, b-— D) 1, — 
(©) RT (D) 27b 


I, II, II are three isotherms, respectively, at T,, 7, and 
T, as shown in Fig. 3.44. The temperatures will be in the 
order: 


(A) T, =7T,=T, (B) T<7,<T, 
(jy T.> ST, (D) T,>7,=T, 
p 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


Telegram @unacademyplusdiscounts 


Additional Objective Questions 


A certain gas diffuses from two different vessels A and 
B. The vessel A has a circular orifice while vessel B has a 
square orifice of length equal to the radius of the orifice of 
vessel A. Calculate the ratio of the rates of diffusion of the 
gas from vessel A to vessel B, assuming same temperature 
and pressure is 


(A) z (B) l:x 
(Cy 1 (D) 2:1 
What would happen to the volume of a balloon filled with 


0.357 L of H, gas collected at 741.3 mm Hg if the atmos- 
pheric pressure increased to 758.1 mm Hg? 


(A) 0.45 L (B) 0.35 L 
(C) 0.25 L (D) 0.15 L 
A gas bulb containing air is connected to an open limb 


manometer at 27°C and at 750 mm Hg. Assuming that ini- 
tially the level of Hg in the both limbs were same. The bulb 
was heated to 77°C, what will be difference in the levels of 
Hg in two limbs? (Assume the volume difference of the gas 
produced is negligible at higher temperature). 


(A) 75 cm Hg (B) 8cm Hg 
(C) 6cm Hg (D) 12.5 cm Hg 
The critical temperature and critical pressure of a gas 


obeying van der Waals equation are 30°C and 73 atm, 
respectively. Its van der Waals constant, b (in Ls mol”) is, 
therefore, 


(A) 0.500 (B) 0.060 

(C) 0.265 (D) 0.128 

The van der Waal constants for HCl are a = 371.843 kPa 
and b = 40.8 cm*mol”. The critical temperature is 

(A) 324.8 K (B) 424.8 K 

(C) 350.9 K (D) 450.9 K 

A certain volume of argon gas (molar weight = 40 g 


mol’) requires 45 s to effuse through a hole at a certain 
pressure and temperature. The same volume of another 
gas of unknown molecular weight requires 60 s to pass 
through the same hole under the same conditions of 
temperature and pressure. The molecular weight of the 


gas is 

(A) 53 g mol!" (B) 35g mol 

(C) 71 g mo!" (D) 120 g mo! 

400 cm* of oxygen at 27°C were cooled -3°C without 
change in pressure. The contraction in volume will be 

(A) 40 cm? (B) 30cm? 

(C) 44.4 cm? (D) 60 cm* 

Consider the following statements: The mean free path of 


gas molecules 
(I) decreases with increase in concentration. 
(II) increases with decrease in pressure at constant 


temperature. 
(III) decrease with increase in molecular size. 
(A) LI (B) L,I 
(C) U1, UI (D) I, II, 1 


At 47°C and 16.0 atm, the molar volume of NH, gas is about 
10% less than the molar volume of an ideal gas. Which of 
the following is the true reason? 

(A) NH, decompose to N, and H, at 47°C. 
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24. 


25. 


26. 


27. 


(C) The volume occupied by NH, molecules themselves is 
a significant fraction of the volume of the container at 
this temperature and pressure. 

(D) At 16 atm, NH, molecules 
randomly. 


no longer move 


How much time would it take to distribute one Avogadro 
number of wheat grains if 10'° grains are distributed in 
each second? 

(A) 4x 10° year 
(C) 6x 10* year 


(B) 9x 10° year 
(D) 1.9 x 10° year 


At what temperature will the rate of effusion of N, be 1.625 
times the rate of effusion of SO, at 500°C? 

(A) 273 K (B) 830K 

(C) 110K (D) 173K 


2.9 g of gas at 95°C occupied the same volume as 0. 184 g of 
dihydrogen at 17°C, at the same pressure. What is the molar 
mass of the gas? 
(A) 120 g mol” 
(C) 80g mol" 


(B) 20g mol" 
(D) 40 g mol" 


The compressibility of a gas is less than unity at STP. 
Therefore, 

(A) V,,>22.4L 
(C) V,,=22.4L 


(B) V, <22.4L 


m 


(D) V, =44.8L 


m 


Which of the following V, T plots represents the behavior 
of one mole of an ideal gas at one atmosphere? 


ViL)A 38.8 L VL) A 28.6 L 
373 K 373 K 
(A) 22.4L (B) 20.4L 
273 K 273 K 
[| fe 
T(K) T(K) 
VL) + 30.6 L VL) t 14.2L 
ea 373 K [~ 373 K 
22.4L 22.4L 
(©) 373K (P) 373k 
> >» 
T(K) T(K) 


Equal weights of methane and oxygen are mixed in an 
empty container at 25°C. The fraction of the total pressure 
exerted by oxygen is 


(A) (B) 


273 
x —— 


“ 298 


é 
2 
1 
(D) 5 


WIN WlR_ 


The root mean square velocity of one mole of a monoatomic 
gas having molar mass M is u,,,, The relation between the 


average kinetic energy (£) of the gas and u,,,, is 


V3E 


A = ——_— B —_ 
(A) tage = (B) thy = 
(C) dag =F (D) te = SE 
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40 mL of mixture of H, and O, was placed in a gas burette 
at 18°C and 1 atm. A spark was produced so that the forma- 
tion of water was complete. The remaining pure gas had a 
volume of 10 mL at 18°C and 1 atm. If the remaining gas 
was H,, what was initial mole % of H, in mixture? 


(A) 75% (B) 25% 
(C) 60% (D) 45% 
80 mL of oxygen is added to 50 mL of a mixture of H,, 


C,H, and CO, after which the total mixture is burnt. The 
volume of the cooled mixture after combustion measures 
65 mL. This is reduced to 15 mL by treatment with aque- 
ous KOH solution. Calculate the volume of each gas in the 
original mixture. 

(A) 20 mL of H,, 20 mL of C,H,, 10 mL of CO. 

(B) 10 mL of H,, 20 mL of C,H,, 20 mL of CO. 

(C) 15 mL of H,, 15 mL of C,H,, 20mL of CO. 

(D) 10 mL of H,, 15 mL of C,H,, 25mL of CO. 


The kinetic energy (in kcal) of 80 g of methane gas at 
227°C is 


(A) 15 (B) 2.5 
(C) 25 (D) 75 
If acertain mass of gas is expanded at constant temperature, 


(A) the pressure of the gas decreases. 

(B) the kinetic energy of the gas molecules increases. 
(C) the kinetic energy of the molecules decreases. 
(D) the number of molecules of the gas increases. 


The rate of effusion of helium gas at a pressure of 1000 torr 

is 10 torr min™'. What will be the rate of effusion of hydro- 

gen gas at a pressure of 2000 torr at the same temperature? 

(A) 20 torr min” (B) 40 torr min™ 

(C) 202 torr min (D) 10 torr min™ 

A closed vessel contains equal number of oxygen and 

hydrogen molecules. Consider the following statements: 
(I) The average speed of hydrogen molecules is greater. 

(II) The two gases have different average energies. 
(III) Hydrogen molecules strike the walls more often. 


(IV) Weight of hydrogen is one-eighth of the weight of 
oxygen. 


The incorrect statements are 
(A) Tand II (B) Il and HI 
(C) Tand III (D) Il and IV 


The molecules of mass m, moving with velocity v are 
absorbed after colliding with walls of a container. If the 
number of molecules per unit volume of the gas is N, then 
the pressure exerted by the gas will be 


2 
(A) ~ (B) 2mNv? 
2 
(C) ~ (D) mNv’ 
For a real gas, pV is a constant over a small range of 


pressures at 

(A) Boyle’s temperature. 
(B) critical temperature. 
(C) inversion temperature. 
(D) ordinary temperature. 
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The average, rms and most probable velocities of gas 
molecules at STP increase in the order 

(A) rms < average velocity < most probable velocity 

(B) Most probable velocity < average velocity < rms 

(C) Average velocity < rms < most probable velocity 

(D) rms < most probable velocity < average velocity 


Which of the following statement is correct? 

(A) The slope of Z vs. p at constant temperature for all real 
gases, is b/RT. 

(B) The slope of Z vs. p at constant temperature for both 
He and H, is b/RT. 

(C) The slope of Z vs. p at low pressure for all real gases, at 
constant temperature is b/RT. 

(D) The slope of Z vs. p at high pressure and at constant 
temperature for real gas is —b/RT. 


The density of the gaseous mixture (He and N,) is 
10/22.4 g L“ at NTP. What is the percentage composition 
of He and N, by volume in this mixture, respectively? 

(A) 75%, 25% (B) 25%,75% 

(C) 30%, 70% (D) 40%, 60% 


Which of the following statement is (are) correct for a gas 

X having molar mass 5 g and density 0.3 g L™ at 0.5 atm 

pressure at 300 K? 

(A) The gas X will behave ideally. 

(B) The force of attraction will dominate over the force of 
repulsion among the gas molecules. 

(C) The force of repulsion will dominate over the force of 
attraction among the gas molecules. 

(D) None of these. 


At STP, a container has 1 mol of Ar, 2 mol of CO,, 
3 mol of O, and 4 mol of N,. Without changing the total 
pressure if 1 mol of O, is removed, the partial pressure 
of O, is 

(A) changed by about 26%. 

(B) halved. 

(C) unchanged. 

(D) changed by 33%. 


When 100 mL sample of methane and ethane along with 
excess of O, is subjected to electric spark, the contraction 
in volume was observed to be 212 mL. When the resulting 
gases were passed through KOH solution, further contrac- 
tion in volume was 

(A) 60 mL (B) 96 mL 

(C) 100 mL (D) 112 mL 


Under same conditions of temperature and pressure a 
hydrocarbon of molecular formula C,,H,,,, was found to 
diffuse 3/3 times slower than hydrogen. Find the value 
of n? 

(A) n=2 (B) n=4 

(C) n=3 (D) n=1 


5 mL of a gaseous hydrocarbon was exposed to 30 mL 
of O,. The resultant gas, on cooling is found to measure 
25 mL, of which 10 mL was absorbed by NaOH and the 
remainder by pyrogallol. All measurements are made at 
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Additional Objective Questions 


constant pressure and temperature. The molecular formula 
of the hydrocarbon is 


(A) C,H, (B) C,H, 
(C) C,H, (D) C,H, 
A gas mixture of 3 L of propane (C,H,) and butane (C,H _,,) 


on complete combustion at 25°C produced 10 L CO,. What 
is the composition of gas mixture, that is, volume of C,H, 
and C,H ,, respectively? 


(A) 151,15 L (B) 1L,2L 
(2G, 10'L (D) 1.75 L,1.25L 
A vessel of volume 0.02 m’ contains a mixture of hydro- 


gen and helium at 20°C and 2 atm pressure. The mass of 
mixture is 5 g. Find the ratio of mass of hydrogen to that of 
helium in the mixture (atomic weight of He = 4 w.) 


(A) 1:2 (B) 1:3 
(C23 (D) 3:2 
The average speed of an ideal gas molecule at 27°C is 


0.3ms". Calculate average speed at 927°C? 


(A) 0.6ms'! (B) 6ms" 
(C) 60ms" (D) 8ms" 
The pressure-volume plot for an ideal gas at a given tem- 


perature has the form of a 
(A) straight line. (B) exponential curve. 
(C) rectangular hyperbola. (D) U-shaped curve. 


If a graph is drawn for 1 mol real gas in such a way, pV is 
drawn in y-axis and p in x-axis then which of the following 
be the value for the intercept of the graph in y-axis. 


(A) RT + av (B) RT+pb+a 
(C) RT+pb+ab (D) RT 
Joule-Thomson expansion of an ideal gas is an 


(A) isothermal process. (B) isobaric process. 
(C) isoenthalpic process. (D) ideal process. 


There are 201 equidistant rows of spectators sitting in a 
hall. A magician releases laughing gas N ,O from the front 
and the tear gas (M, = 176) from the rear of the hall simul- 
taneously. Which row of spectators will have a tendency to 
smile and weep simultaneously? 


(A) 130 (B) 134 
(C) 120 (D) 100 
The average kinetic energy of two moles of CO, at a 


certain temperature is 1800 cal. The temperature of the 
gas is 


(A) 300K (B) 150K 
(C) 200K (D) 400K 
Equal volumes of SO, and He at a temperature T and pres- 


sure p are allowed to effuse through a hole. The rate of 
effusion of helium is 

(A) equal to the rate of effusion of SO,. 

(B) four times the rate of effusion of SO). 

(C) half of the rate of effusion of SO,. 

(D) twice the rate of effusion of SO,,. 
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At point A the gas is at Boyle’s temperature and it is 
brought to B as shown in Fig. 3.45. Then at point B the gas 
will have compressibility factor 

(A) 1 

(B) Z>1 

(C) Z<1 

(D) Z =3/8 


eee 


V 
Figure 3.45 


The van der Waals constants for a gas are: a = 4 L’ atm 
mol *, b = 0.04 L mol". Its Boyle temperature is roughly 
(A) 100°C (B) 1220K 

(C) 1220°C (D) 1600 K 

Oxygen is present in 1 L flask at a pressure of 76 x 10°'°mm 
Hg. Calculate the number of oxygen molecules in the flask 
at 0°C. 

(A) 2. 686 x 10”° (B) 26.86 x 10” 

(C) 0.626 x 10” (D) 4.123 x 10° 


Pressure remaining the same, the volume of given mass of 
an ideal gas increases for every degree centigrade rise in 
temperature by definite fraction of its volume at 

(A) 0°C. (B) its critical temperature. 
(C) absolute zero. (D) its Boyle temperature. 


4.0 g of argon has pressure p atm at temperature T K ina 
vessel. On keeping the sample at 50° higher temperature, 
0.8 g gas was given out to maintain the pressure p. The 
original temperature was 

(A) 73K (B) 100K 

(C) 200K (D) 510K 

X mL of H, gas effused through a hole in a container in 5s. 
The time taken for the effusion of the same volume of the 
gas specified below under identical conditions is 

(A) 10 s:He (B) 20s:0, 

(C) 25 s:CO (D) 55 s:CO, 


The rms velocity of hydrogen is V7 times the rms velocity 
of nitrogen. If T is temperature of the gas, then 
(A) T(H,) = T(N,) (B) T(H,) > T(N,) 


(C) T(H,) < T(N,) (D) T(H,) = V7 T(N,) 


Flask X is filled with 20 g of CH, gas at 100°C and another 

identical flask Y with 40 g O, gas at the same temperature. 

Which one of the following statements is correct? [Molar 

masses in g mol‘ of CH, = 16.0 and O, = 32.0] 

(A) The pressure of the gases in the two flasks are identical. 

(B) The pressure of CH, in flask X is higher than that of O, 
in flask Y. 

(C) The pressure of CH, in flask X is lower than that of O, 
in flask Y. 

(D) The pressure of CH, in flask X is half that of O, in 
flask Y. 


https://telegram.me/unacademyplusdiscéants 
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62. 


63. 


64. 


65. 


66. 


67. 


68. 


69. 


70. 
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What would be the S.I. unit for the quantity pV°T7/n? 

(A) dm’ Pa K’ mo!" (B) dm’ Pa K’ mol! 

(C) dm’ Pa’ K* mol (D) dm°Pa K mol! 

At 0°C, the density of a certain gaseous oxide at 2 bar is 
same as that of dinitrogen at 5 bar. What is the molecular 
mass of the oxide? 

(A) 70 g mol (B) 35g mol" 

(C) 140 g mol" (D) None of these 

40.0 mL of a gaseous mixture of CO and C,H, is mixed with 
100.0 mL of O, and burnt. The volume of the gas after the 
combustion is 105 mL. Calculate the composition of the 
original mixture. 

(A) 25 mL of CO and 15 mL of C,H, 

(B) 15 mL of CO and 25 mL of C,H, 

(C) 10 mL of CO and 30 mL of C,H, 

(D) 20 mL of CO and 20 mL of C,H, 


380 mL of a gas at 27°C, 800 mm Hg weighs 0. 455 g. The 
molecular weight of gas in g mol is 

(A) 27 (B) 28 

(C) 29 (D) 30 

The rate of diffusion of O, and H, at same p and T are in 
the ratio 

(A) 1:4 (B) 1:8 

(C) 1:16 (D) 4:1 

What will be the pressure exerted by a mixture of 3.2 g of 


methane and 4.4 g of carbon dioxide contained in 9 dm* 
flask at 27°C? 

(A) 8.314 Pa (B) 8.314 10° Pa 

(C) 2x10? Pa (D) 8.314 x 10* Pa 


The average velocity of an ideal gas molecule at 27°C is 
0.3 ms. The average velocity at 927°C will be 

(A) 0.6ms"! (B) 0.3ms" 

(C) 0.9ms'! (D) 3.0ms" 

The root mean square velocity of an ideal gas at constant 
pressure varies with density as 

(A) p (B) p 

(C) p'” (D) 1/p'” 

The values of van der Waals constant a for the gases O,, N,, 
NH,, and CH, are 1.360, 1.390, 4.170 and 2.253 L* atm mol”, 
respectively. The gas which can most easily be liquefied is 
(A) O, (B) N, 

(C) NH, (D) CH, 


Which curve does not represent Boyle’s law? 
(A) P (B) 


log V— 


; | 


(C) p 


71. 


72. 


73. 


74. 


75. 


76. 


77. 


The circulation of blood in human body supplies O, and 
releases CO,. The concentration of O, and CO, is variable 
but on the average, 100 mL blood contains 0.02 g of O, and 
0. 08 g of CO,. The volume of O, and CO, at 1 atm and at 
body temperature of 37°C, assuming 10 L blood in human 
body, would be 

(A) 2L,4L (B) 15 L,4.5L 

(C) 1.59 L, 4.62 L (D) 3.82 L, 4.62 L 


In the graph shown in Fig. 3.46 of Maxwell—Boltzmann dis- 
tribution of molecular velocities 


qT 
o 
3 = 
® 
: E 
xe) 
i= 
2 
xa) 
© 
is 
Velocity 
———> 
Figure 3.46 
Which of the following is the correct order of 
temperature? 
(A) T,< T,<T, (B) T,;<T,<T, 


(Cy) Te hi< iL, (D) None of these 


The vapor density of gas is 11.2. The volume occupied by 
11.2 g of this gas at STP is 

(A) 22.4L (B) 112L 

(C) 1L (D) 2.24L 


NH, gas is liquefied more easily than N, thereby 

(A) van der Waals constants a and b of NH, is higher than 
that of N, 

(B) van der Waals constant a and b of NH, is less than that 
of N, 

(C) aof NH,>a of N,, but b of NH, <b of N, 

(D) a of NH, <a of N,, but b of NH, > b of N, 


When 100 mL sample of methane and ethane along with 
excess of O, is subjected to electric spark, the contraction 
in volume was observed to be 212 mL. When the resulting 
gases were passed through KOH solution, further contrac- 
tion in volume was: 

(A) 60 mL (B) 96 mL 

(C) 108 mL (D) None of these 


At STP, a container has 1 mol of Ar, 2 mol of CO,,3 mol 
of O, and 4 mol of N,. Without changing the total pres- 
sure if one mole of O, is removed, the partial pressure 
of O, 

(A) is changed by about 26%. 

(B) is halved. 

(C) is unchanged. 

(D) changed by 33%. 

The ratio, rms velocity of SO, to that of He at 30°C is 


equal to 
(A) 4 (B) 0.25 
(C) 0.10 (D) 8 


78. 


79. 


80. 


81. 
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Additional Objective Questions 


Predict which of the following statements are true and 
which are false. 

(1) For constant volume if temperature is increased pres- 
sure increases due to the increase in the number of 
collisions among the molecules. 

(ID) For a real gas at NTP if Z>1 then V,, < 22.4 L. 
(IIL) Gases can be solidified just below their critical 


temperature. 
(A) TTT (B) TTF 
(C) TFF (D) FFF 


Choose the correct statement for viscosity (7) variation 

with 7 and p for an ideal gas. 

(A) 7, of a gas increases with increase in temperature (7), 
but it is independent of pressure. 

(B) 7 of a gas decreases with increase in T and increases 
with increase in p. 

(C) n of a gas is independent of temperature and 
pressure. 

(D) 7 of a gas increases with increase in both T and p. 


What is the ratio of u,,,,/U,,, for methane gas at 300K? 
(A) 1.22 (B) 2.22 
(C) 2.08 (D) 1.08 
For a sample of gas X T 
shown in Fig. 3.47 the “a 
rms velocity at tempera- 3 
ture T will be = 
(A) 328 ms e 
: 
(B) 28 panies B 
8 w 
LL 
(C) 490 ms" ones 
(D) 400 ms" Velocity ———> 
Figure 3.47 


Multiple Correct Choice Type 


Which of the following statements are correct? 

(A) He diffuses at a rate of 8.65 times as much as CO 
does. 

(B) He escapes at a rate of 2.65 times as much as CO 
does. 

(C) He escapes at a rate of 4 times of as CO,. 

(D) He escapes at a rate of 4 times as fast as SO, does. 


. Select correct statements: 


(A) Gases tend to behave non-ideally at low temperatures 
and high pressures. 

(B) Gases tend to behave ideally at high temperatures and 
low pressures. 

(C) The extent to which Z deviates from 1 is a measure of 
the non-ideality of a gas. 

(D) Z=1 under critical states. 


Which of the following statements is/are wrong? 

(A) At a given temperature the transitional K.E. of 
one mole of every gas is same which is equal to 
(3/2)RT. 
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(B) K.E. of a gas depends on its mass. 
(C) K.E. depends on the volume. 
(D) K.E. depends on the pressure. 


4. What is the conclusion you would draw from the following 
graphs shown in Fig. 3.48? 


0 K (-273.15°C) T 0 K (-273.15°C) T 


Figure 3.48 


(A) As the temperature is reduced, the volume as well as 
the pressure increases. 

(B) As the temperature is reduced, the volume becomes 
zero and the pressure reaches infinity. 

(C) As the temperature is reduced, both the volume and 
the pressure decrease. 

(D) A point is reached where theoretically, the volume as 
well as the pressure become zero. 


5. Which of the following statements is wrong for gases? 

(A) Gases do not have a definite shape and volume. 

(B) Volume of the gas is equal to volume of container con- 
fining the gas. 

(C) Confirmed gas exerts uniform pressure on the walls of 
its container in all directions. 

(D) Mass of gas cannot be determined by weighing a con- 
tainer in which it is enclosed. 


6. A gas described by van der Waals equation: 

(A) behaves similar to an ideal gas in the limit of larger 
molar volumes. 

(B) behaves similar to an ideal gas in the limit of large 
pressures. 

(C) is characterized by van der Waals coefficients that are 
dependent on the identity of the gas but are independ- 
ent of the temperature. 

(D) has the pressure that is lower than the pressure exerted 
by the same gas behaving ideally. 


7. According to kinetic theory of gases. 

(A) Pressure of the gas molecule is proportional to most 
probable speed of the gas molecules. 

(B) The pressure exerted by the gas molecule is pro- 
portional to root mean square speed of the gas 
molecules. 

(C) The root mean square speed is directly proportional to 
square root of the Kelvin temperature. 

(D) Kinetic energy of the gas molecules does not depend 
upon, p, V and molar mass of the gas molecules. 


8. Consider a sample of equimolar mixture of He gas and No 
gas both at 300 K and 1 atm. Assuming ideal gas behav- 
ior which of the following quantities are equal for two 
samples? 
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(A) Root mean square speed of molecules 

(B) Mean translational kinetic energy of molecules 
(C) Number density of molecules 

(D) Kinetic energy of molecules 


9. Consider the following statements: 

(A) Atmospheric pressure is less at the top of a mountain 
than at sea level. 

(B) Gases are much more compressible than solids or 
liquids. 

(C) When the atmospheric pressure increases, the height 
of the mercury column rises. 

(D) Both c and d. 


10. For an ideal gas, under isobaric condition, a graph between 
log V vs. log T: 
(A) is linear with unit slope. 
(B) represents Boyle’s law. 
(C) represents Charle’s law. 
(D) represents Gay—Lussac’s law. 


11. A mixture of O, and He kept in a container at 27°C. Which 

of the following statements are correct? 

(A) O, molecule will hit the wall of the container with 
smaller average speed as compared to He. 

(B) O, molecules will hit the wall of the container with 
greater average speed as compared to He. 

(C) O, molecule will hit the wall of the container with the 
greater kinetic energy as compared to He. 

(D) O, molecule will hit the wall the container with equal 
kinetic energy as compare to He. 


12. Which of the following are correct statements? 
(A) van der Waals constant a is a measure of attractive 
force. 
(B) van der Waals constant b is also called co-volume or 
excluded volume. 
(C) bis expressed in L mol. 
(D) bis one-third of critical volume. 


13. H, and N, are contained in two separate isothermal ves- 
sels connected by a thin tube. When the valve separat- 
ing the two vessels is opened, which of the following will 
be true for the final state? Both the vessels are at same 
temperature 
(A) Mass of H, in vessel A = Mass of H, in vessel B 
(B) Mass of N, in vessel A = Mass of N, in vessel B 
(C) Mass of H, in vessel A = Mass of N, in vessel A 
(D) Total pressure will be same in vessels A and B 


Assertion-Reasoning Type 


Choose the correct option from the following: 
(A) Statement 1 is True, Statement 2 is True; Statement 2 is 
a correct explanation for Statement 1. 
(B) Statement 1 is True Statement 2 is True; Statement 2 is 
NOT a correct explanation for Statement 1. 
(C) Statement 1 is True, Statement 2 is False. 
(D) Statement 1 is False, Statement 2 is True. 
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1. Statement 1: One mole of helium atoms should occupy 
22.4 L volume at STP. 


Statement 2: Taking 31 pm as radius of helium atoms, if we 
pack together a mole of helium atoms, the mole of atoms 
should have a volume of 22.4 L. 


2. Statement 1: At low pressure van der Waals equation is 
reduced to [> + s\v = RT 
V 


Statement 2: The compressibility factor corresponding to 


low pressure is given by 1- po 
a 


3. Statement 1: A sample of 8.00 mol of chlorine gas in 94.00 L 
tank at 27°C leads to a pressure of 2.096 atm according to 
ideal gas law. 


Statement 2: The actual pressure of the sample of chlorine 
is nearly 20 atm less than the ideal pressure. 


4. Statement 1: The value of the van der Waals constant a is 
large for NH, than PH,. 


Statement 2: Hydrogen bonding is present in NH,. 


5. Statement 1: Absolute zero is lowest possible temperature. 


Statement 2: A lower temperature than absolute zero 
would correspond to negative value of volume of gas which 
is meaningless. 


6. Statement 1: Equal volumes of all gases under similar con- 
ditions of temperature and pressure contain equal number 
of molecules. 


Statement 2: Volume of a gas is inversely proportional to 
pressure. 


7. Statement 1: Compressibility factor for hydrogen varies 
with pressure with positive slope at all pressures. 


Statement 2: Even at low pressures, repulsive forces domi- 
nate hydrogen gas. 


Comprehension Type 
Read the paragraphs and answer the questions that follow. 


Paragraph I 

The real gases deviate from ideal behavior due to the following 

reasons: 

(a) The actual volume occupied by the gas molecule is negligi- 
ble as compared to the total volume of the gases. 

(b) The forces of attraction and repulsion among the gas mol- 
ecules are negligible. 

The extent of deviation of the real gas from ideal behav- 

ior is explained by compressibility factor (Z), which is func- 
tion of pressure and temperature for real gas. 
For ideal gas, Z = 1 whereas for real gases two cases arise. 
When Z > 1, which means it is less compressible because 
force of repulsion dominates over force of attraction. When 
Z <1, the force of attraction dominates over the force 
repulsion. 

The graph of Z vs. p for different gases at one tempera- 
ture is shown in Fig. 3.49(a), and the graph of Z vs. p for 1 
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Additional Objective Questions 


mol of hypothetical gas at three distinct temperature tem- 
peratures is shown in Fig. 3.49(b). 


at 0°C He 
He No 
fer CH, CO; 
Z| Ideal gas 
p 
(a) 
200 K 
2}------- 500 K Ho 
Z '1000K 7 | 0°C 
1 1 
| CO, 
> 
250 500 750 p 


p — (atm) 
(b) 
Figure 3.49 


Boyle’s temperature T,, = a/Rb is the temperature at which 
a gas shows ideal behavior over a pressure range in the low 
pressure region. If a plot is obtained at temperature well 
below Boyle’s temperature than the curve will show nega- 
tive deviation, in low pressure region and positive devia- 
tion in the high pressure region. Near critical temperature 
the curve is more likely as CO, and the temperature well 
above critical temperature curve is more like H, at (0°C) 
as show above. At high pressure suppose all the constant 
temperature curve varies linearly with pressure according 
to the following equation: 


Ftp PE. (R = cal mol 'K”) 
RT 


The van der Waal’s equation of state for 1 mole of gas is as 
under: 


[p+ S]v-0)=R7 (1) 


where a and b are van der Waal s constants. The van der Waals 
constant a measures the amount of the force of attraction among 
the gas molecules. Higher the value of a, higher will be the ease 
of liquefaction. 

When pressure is too high like in case of H, and He, the 
equation will reduce to p(V — b) = RT. 

When pressure is too low like in case of N,, CH, or CO,, the 


equation will reduce to ( pt o\v =RT. 


1. What is the correct increasing order of a of the gases shown 
as in Fig. 3.42(b)? 
(A) H,<He<N,< CO, 
(C) N,<CO,<H,< He 


(B) CO,<N,<He<H, 
(D) N,<H,<He<Co, 
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2. Which of the following is correct? 
(A) (a/b) < 0.4 cal mo! 
(B) 0.4 kcal mol” < (a/b) <2 kcal mol" 
(C) (a/b) > 0.4 kcal mol 
(D) (a/b) = 1 kcal mol" 


3. For 500 K, the plot the value of Z changes from 2 to 2. 2. 
If pressure is varied from 100 atm to 1200 atm (high pres- 
sure) then the value of b/RT will be: 

(A) 10° atm"! (B) 2x 10° atm" 
(C) 5x10“% atm" (D) 10“ atm 


4. As shown in Fig. 3.49(a) at 200 K and 500 atm value of 
compressibility factor is 2 (approx.). Then volume of the 
gas at this point will be: 
(A) 0.01 L 
(C) 0.065 L 


(B) 0.09L 
(D) 0.657 L 


5. Plot at Boyle’s temperature for the gas will be: 


6. Which of the following is the correct increasing order of 
temperature? For a given gas as shown in Fig. 3.49(b), 
(A) T,<T,<T;<T, (B) T3<7,<7,<T, 
(C) T;<T,<T,<T, (D) T,<T;<T,<T, 


Paragraph II 

Gas molecules are in a constant state of motion, thus colliding 
with each other and with the wall of container. Maxwell and 
Boltzmann proposed due to such collisions, the velocities of gas 
molecules are always variable. A fraction of molecules can be 
considered to have a particular molecular velocity at a time. 
Maxwell calculated the distribution of velocity among fraction 
of total number of molecules based on probability. The average, 
most probable and root mean square velocities of the fraction of 
gas molecules are expressed as 


[SR T |2R T [3R T 
U,y, = Un, = Urns = 
aM . M M 


7. The ratio U,.,.!Uaye:Ump IS 


(A) 1:0.921:0.816 
(C) 3:0.0921:8 


(B) 2:0.0921:1 
(D) 4:0.0921:0816 


8. Calculate rms speed of O, molecules having K.E. of 2 kcal 


mol" 
(A) 22.795 ms" (B) 30ms" 
(C) 32ms" (D) 52ms' 
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Paragraph III 


For 1 mol of gas, the van der Waals equation is 
a 
[p+ S)v-0 = RT 


where a signifies the force of attraction among the gas molecules 
and b signifies the incompressible volume, that is, the volume 
having no effect of compression and expansion. The compress- 
ible volume, that is the volume having effect of compression 
and expansion = V — b for 1 mol real gas. Another form of van 
der Waals equation of states is called virial equation. The virial 
equation for | mol real gas is 
PV en iz BC 


Ri V, + v2 +... to higher powers of n 


where B and C are known as first and second virial coefficients, 
respectively. The temperature at which real gases obey ideal gas 
equation is PV = RT, is known as Boyles temperature, T,. 


9. If the second virial coefficient of 3 mol of He at NTP be 
6.4 x 10° (L mol)’, then what will be the real volume of 


He gas? 
(A) 66.0 L (B) 23.6L 
(C) 25L (D) 68.4L 


10. Which of the following is the correct statement about the 

Boyle’s temperature (T,)? 

(A) The temperature at which second virial coefficient 
becomes zero. 

(B) The temperature at which first virial coefficient is 
Zero. 

(C) The value of T;, is 2a/Rb. 

(D) None of these 


11. For the constant value of b, if the Boyle’s temperature of 
the gases is increased, then what will be the effect on the 
ease of liquefication? 

(A) It will increase, on increasing the Boyle’s temperature. 
(B) It will decrease, on increasing the Boyle’s temperature. 
(C) First liquidation will increase, then it will decrease. 
(D) No effect 


Integer Answer Type 


The answer is a non-negative integer. 


1. The stop cock connecting two bulbs of volume 5 and 
10 L containing an ideal gas at 9 and 6 atm, respec- 
tively, is opened. The final pressure (in atmosphere) 
in the two bulbs if the temperature remains the same is 


2. A compound exists in the gaseous phase both as monomer 
(A) and dimer (A,). The molecular weight of A is 48. In 
an experiment 96 g of compound was confined in vessel of 
volume 33.6 L and heated to 273°C. Calculate the pressure 
developed if the compound exists as dimer to the extent of 
50% by weight under these conditions. 


3. If the pressure and absolute temperature of 2 L of carbon 
dioxide are doubled, the volume (in liter) of carbon diox- 
ide would become 
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4. 4 ¢ of an ideal gas was introduced into a bulb of volume 
of 0. 821 dm’ at certain pressure, P and temperature T, The 
above bulb was placed in a thermostat mentioned at tem- 
perature (T + 125)K of 0.8 g of the gas was left off to keep 
the original pressure. Calculate the pressure in atmosphere. 
[Molecular weight of the gas is 40 g mol and R value is 
0.0821 L atm K"' mol] 


5. One mole of an ideal monoatomic gas is mixed with one 
mole of an ideal diatomic gas. The molar specific heat (in 
calories) of the mixture at constant volume is ‘ 


6. If the slope of Z (compressibility factor) vs. p curve is 
constant (slope = 492.6 atm’) at a particular temperature 
(300 K) and very high pressure then the diameter of the 
molecules is .(Given N, = 6.0 x 10°, R = 0.0821 
atm L mol! K"'.) 


Matrix—Match Type 


1. Match the term with its expression. 


Column | Column II 
(A) RMS velocity ©) SRT 
mM 
(B) Average velocity és 1LmNw? 
ay 
(C) Most probable velocity «) 3RT 
M 
(Continued) 
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Answers 


Column | Column II 
(D) Pressure by kinetic ORT 
theory of gases (s) va 


() [2 
p 


2. Match the expression with the type of changes it undergoes. 


Column II 
(p) If volume increases the 
temperature will also increase. 
(B) pV’ =constant (q) If volume increases the 
temperature will decrease. 
(rt) For expansion, heat will 
have to be supplied to the 
gas. 


Column | 
(A) p=2V’ 


(C) C=C,+2R 


(D) C=C,-2R  (s) If temperature increases 
then work done by gas is 


positive. 


3. Match the compression factor under different conditions 
with its value. 


Column | Column II 
(A) Compression factor (Z) for (p) 3/8 
ideal gas 
(B) Z for real gas at low pressure (q) + pb)/RT 
(C) Z for real gas at high pressure (r) 1 
(D) Z for critical state (s) (L-a/RTV) 
(t) pV/nRT 


ANSWERS 


Review Questions 


1. 0.6 atm 
4. (a) Charles’s law 
(b) Gay-Lussac’s law 
(c) Avogadro’s law; 
(d) Combined gas law 
5. Ethanol and sulphur dioxide 
10. 250 mL 14. 1.004:1 
18. For monoatomic gases 
20. No 


2.13.L 


Numerical Problems 


1. 12.04 x 10” molecules; 5.313 x 10°" ¢ 

2. 9.33 atm 3. 0.2 atm 
5. 9.43s 6. 2.24 
8 


3. Eight 


2 
17. 1:1 
19. NH, 


4. 36.36 g 
7. (a) No;(b) 34.75 K 


. %CO, = 60% and %CO = 40% 9. %O, = 4716% and %CO, = 52.83% 


10. (a) 9.84 atm; (b) 9.32 atm 
11. (a) (i) 18.09; (ii) 50.25 L; 12. Z=0.6496 
(iii) 1.224 L; 

(b) 2.07 x 10°” J per molecule 


(iv) Z > 1; the repulsive force will dominate 
https://telegram.me/unacademyplusdiscounts 


13. (a) 490.5 mm Hg; 
(b) 259.5 mm Hg 
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14. 
17. 
20. 
22. 


25. 
28. 
31. 


4 atm 


%N, = 82.44% and %O, = 175% 


0.4; 2.4 x 10”; 0.8 g 
Urme = 45.80 m S85 Ut 
Unp = 3739 ms 
0.4; 0.6; 300 mm Hg 
50% increase 


avg 


=4216ms"; 


(a) 591.01 mL; (b) 278.63 mL; 
(c) 1.67 atm; (d) 0.833 atm; (e) 22.4 L 


15. 
18. 
21. 
23. 


26. 
29. 


566 K 

%CH, = 65% and %C,H, = 35% 
14.439 kg 

0.036 atm; 0.004 L 


1256.93°C 
3.8x 10" 


Additional Objective Questions 
Single Correct Choice Type 


1. 

6. 
11. 
16. 
21. 
26. 
31. 
36. 
41. 
46. 
51. 
56. 
61. 
66. 
71. 
76. 
81. 


(B) 
(C) 
(C) 
(A) 
(D) 
(A) 
(A) 
(B) 
(D) 
(A) 
(A) 
(A) 
(A) 
(D) 
(C) 
(A) 
(C) 


2. (C) 
7. (A) 
12. (A) 
17. (C) 
22. (B) 
27. (C) 
32. (C) 
37. (B) 
42. (B) 
47. (C) 
52. (B) 
57. (C) 
62. (A) 
67. (A) 
72. (A) 
77. (A) 


Multiple Correct Choice Type 
2. (A,B,C) 


7. (B,C,D) 
12. (A,B,C,D) 


1. 
6. 
11. 


(B, D) 
(A,C, D) 
(A, D) 


Assertion—Reasoning Type 


1. 
6. 


(C) 
(A) 


Comprehension Type 


1. 
6. 
11. 


(A) 
(D) 
(A) 


Integer Answer Type 


1. 
6. 


(7) 
(5) 


Matrix—Match Type 


2. (C) 
7. (A) 


S 


(D) 
(A) 


= 


2. (2) 


1. A (r);B > (p); C > (s, t); D > (q) 
3. A (r,t); B > (s, t); C > (q,1r); D > (p,t) 


3. (B) 
8. (D) 
13. (B) 
18. (A) 
23. (D) 
28. (A) 
33. (D) 
38. (A) 
43. (C) 
48. (D) 
53. (C) 
58. (B) 
63. (A) 
68. (D) 
73. (B) 
78. (C) 


3. (CD) 
8. (B,C,D) 
13. (A,B,D) 


3. (B) 


3. (A) 
8. (A) 


3. (2) 
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16. (a) 44.82 mL; (b) 8.98 mL 
19. 1787 dm? 


24. (a) 4; (b) 1200 K; 
(c) No effect; (d) No effect 


27: CH, 
30. 0.964:1 
32. 3.72 cm’ molecule”! 

41.4 x 10% cm 
4. (B) 5. (A) 
9. (C) 10. (C) 
14. (D) 15. (D) 
19. (D) 20. (B) 
24. (B) 25. (C) 
29. (A) 30. (D) 
34. (D) 35. (A) 
39. (B) 40. (A) 
44, (C) 45. (A) 
49. (C) 50. (B) 
54. (B) 55. (A) 
59. (C) 60. (A) 
64. (B) 65. (A) 
69. (C) 70. (C) 
74, (C) 75. (D) 
79. (A) 80. (A) 
4. (C.D) 5. (A,C) 
9. (A,B) 10. (A,C) 
4. (A) 5. (A) 
4. (C) 5. (A) 
9. (D) 10. (A) 
4. (5) 5. (4) 


2. A (p,1,s);B > (q,1r);C > (q);D > (p,r1,s) 
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Solid State 


The solid state is characterized by its rigid form and tendency to 
maintain a definite shape. The constituent particles (atoms, mol- 
ecules or ions) in a solid are held together by strong intermolecu- 
lar, interatomic or interionic forces. The extent of binding forces 
between these particles determines the structure and properties of 
solids. The uses of solids are varied depending upon their charac- 
teristic properties such as melting points, electrical and magnetic 
properties; constituent particles and binding forces holding the 
particles together. For this purpose, the study of structure of solids 
is important to understand their use as superconductors, surgical 
instruments, polymers, packaging materials, etc. 

The state in which the matter will exist is determined by the 
net effect of these two opposing forces. At low enough tempera- 
tures, the thermal energy of particles is low and the intermolecular 
distant between particles is less and the intermolecular forces of 
attraction are more, so the material exists as a solid. Most of the 
properties of the solid state are obvious to us. Still, it is worthwhile 
to note these common properties in order to visualize the actions 
and interactions of the ions or molecules that comprise these states. 
The properties of solids are as follows: They have high density; are 
essentially incompressible; undergo little thermal expansion; have 
a fixed volume, mass and shape; have strong intermolecular forces 
and therefore more rigid. 


4.1 | CLASSIFICATION OF SOLIDS 


Solids can be classified based on arrangement of particles into 
amorphous and crystalline solids; and based on the nature of 
bonds, they can be classified into molecular, ionic, metallic and 
covalent (network) solids. These are discussed in the following 
subsections. 
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Chapter 4 | Solid State 


Based on Arrangement of Particles 


Solid state of matter is characterized by the rigidity of form and tendency to maintain a definite shape. In solids, the 
particles are packed in an orderly manner and can be divided into two distinct classes: 


1. Crystalline solids: These consist of large number of crystals each of which has well-defined regular shape such as 
a cube, octahedron or tetrahedron. Crystals in general tend to have flat surfaces that meet at angles that are char- 
acteristic of the substance. The regularity of these surface features reflects the high degree of order among the 
particles (atoms, molecules, or ions) that lie within the crystal. For example, in crystals of sodium chloride — 
ordinary table salt, each particle is very nearly a perfect little cube. Whenever a solution of NaCl is evaporated, 
the crystals that form have edges that intersect at 90° angles. Crystalline solids are fairly widespread in nature. 
Metallic elements like copper, silver, non-metallic elements like sulphur and iodine and most of the ionic com- 
pounds such as sodium chloride, potassium nitrate are crystalline solids. Organic compounds such as benzoic acid, 
naphthalene, etc., are also crystalline. 


2. Amorphous solids: These do not have a definite geometrical shape are known as amorphous solids. The word 
amorphous is derived from the Greek word amorphos, which means “without form? Amorphous solids do not 
have the kinds of long-range repetitive internal structures that are found in crystals. In some ways their structures, 
being jumbled, are more like liquids than solids. Like liquids, these 
solids also have a tendency to flow, though at a much slower rate. 
These are formed by sudden cooling of a liquid and are also some- 
times called supercooled liquids or pseudo solids. For example, 
coal, coke, glass, plastic, rubber, sodium chloride and quartz glass, 
etc. In fact, the word glass is often used as a general term to refer 
to any amorphous solid. 


It is difficult to make a distinction between truly amorphous solids and 
crystalline solids if the size of the crystal is very small. Even amorphous 
materials have some short-range order at the atomic length scale due 
the nature of chemical bonding. Amorphous solids soften on heating Quartz Quartz glass 
over a range of temperature and become crystalline at some tempera- (crystalline) (amorphous) 
ture. For example, quartz exists in crystalline form and in amorphous 
form as quartz glass (Fig. 4.1). 
The differences between the two are tabulated Table 4.1. 


Figure 4.1 Quartz in crystalline and 
amorphous forms. 


Table 4.1 Difference between amorphous and crystalline solids 


Crystalline solids Amorphous solids 

The arrangement of atoms shows long-range three- They do not show any long-range order. 

dimensional order. 

They possess sharp melting points. They melt over a wide range of temperature. 

They show anisotropy. They show isotropy. 

They are cut along specific crystal planes. They are cut along random directions and have irregular 
surfaces. 

They have characteristic heat of fusion. They do not have definite heat of fusion. 

For example, metals, copper sulphate, NiSO,, diamond, For example, coal, coke, glass, plastic, rubber, sodium chloride 

graphite, NaCl, sugar, etc. and quartz glass, etc. 


Note: Anisotropy is the property by which the magnitude of physical properties such as refractive index, thermal 
conductivity, etc., shows a variation with the direction in which it is measured. Isotropy is the property by which the 
substances exhibit the same values of any physical property in all directions. 


Many solids, such as aluminum and steel, have a structure that falls between the two extremes of Amorphous and 
Crystalline solids. Such polycrystalline solids are aggregates of large numbers of small crystals or grains within which 
the structure is regular, but the crystals or grains are arranged in a random fashion. 
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4.1 | Classification of Solids 


Based on Nature of Bonds 


Crystalline solids may be classified into four categories based on the nature of intermolecular forces operating between 
the constituent particles. These are molecular, ionic, metallic (atomic) and covalent solids. 


Molecular Solids 


In these solids, the constituent particles are molecules. Molecular solids contain both intramolecular bonds and 
intermolecular forces [Fig. 4.2(a)]. The atoms within the individual molecules are held together by relatively strong 
intramolecular covalent bonds compared to the molecules in a molecular solid. Because the forces between these 
molecules are relatively weak, molecular solids are often soft substances with low melting points. For example, 
dry ice (solid CO,) [Fig. 4.2(b)]. Other examples are iodine (I,), cane sugar (C,,H,,O,,) and polyethylene. Water 
and bromine are liquids that form molecular solids when cooled slightly; F, freezes to form a molecular solid 
at —220°C. 


Strong intramolecular bond 


O+ o- 
O=C=O 
| 
| 
\<«— Weak intermolecular forces 
| 
I 
| 
O=C=O 
O+ o- 


Carbon dioxide (CO) 
(a) (b) 


Figure 4.2 (a) Intramolecular and intermolecular binding forces in CO,. (b) Structure of dry ice. 


Note: Polyethylene (-CH,—CH,-), is a soft plastic that melts at relatively low temperatures and is used for making 
carry bags. Replacing one of the hydrogens on every other carbon atom with a chlorine atom produces a plastic 
known as poly(vinyl chloride), or PVC, which is hard enough to be used for making plastic pipes, which are slowly 
replacing metal pipes for plumbing. 

The strength of PVC can be attributed to the van der Waals force of attraction between the chains of 
(-—CH,-CHCI-), molecules that form the solid. 


Molecular solids are further classified into the following categories: 


1. Non-polar molecular solids: These are molecular solids that comprise atoms such are argon or helium or mol- 
ecules formed by non-polar covalent bonds such as the family of halogens, F,, Cl, Br, and I,. These molecules 
are held together by weak dispersion forces or London forces. They have low melting points and usually 
exist as liquids or gases at normal temperature and pressure conditions. They are soft and do not conduct 
electricity. 


2. Polar molecular solids: These are covalent molecules with a dipole moment, such as HCl and HBr, also form 
molecular solids when cooled. Polar molecules have dipole-dipole interactions which hold the molecules together. 
This force controls the orientation of the HCl and HBr molecules as they pack as tightly as possible, in a manner 
that the negative end of one dipole is oriented towards the positive end of the other. These solids are also non- 
conducting and soft. They have melting points higher than those of non-polar molecular solids but are generally 
gases or liquids at room temperature. 


3. Hydrogen-bonded molecular solids: These are molecular solids that contain polar covalent bonds in which 
one of the elements is hydrogen. The individual H,O molecules in the molecular solid such as ice are held 
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together by a combination of dipole, dispersion and strong hydrogen-bond forces. These molecular solids gen- 
erally exist as liquids or soft solids at room temperature and pressure conditions, and are non-conductors of 
electricity. 


The individual molecules in the molecular solid are held together by a combination of dipole, dispersion and hydro- 
gen-bond forces. The impact of these intermolecular forces is observed as an effect on the melting point of the com- 
pound and the enthalpy of fusion, AH,,.. Consider the following examples: 


1. In halogens, the molecules are held together by dispersion forces. These forces depend on the number of 
electrons in the atoms or molecules, so as the size of the halogen atoms increases, the dispersion force interactions 
become stronger so both the melting point and the enthalpy of fusion increase with increasing molecular 
weight. 


2. The effect of adding dipole-dipole and hydrogen-bond interactions to the intermolecular forces that hold mole- 
cules together can be seen with CH,OCH,, CH,OH and H,O. Two of the compounds, H,O and CH,OH, also form 
hydrogen bonds in addition to presence of dispersion and dipole forces. As the number of hydrogen atoms that 
can form hydrogen bonds increases from zero (CH,OCH,) and one per molecule (CH,OH) to two per molecule 
(H,O), there is a significant increase in the melting point. 


The number of electrons, and hence the polarizability, of the compounds decreases as CH,OCH, < CH,OH < H,O; 
and it might be expected that water would have the smallest enthalpy of fusion. The fact that water has the highest 
enthalpy of fusion shows the relative importance of hydrogen bonding. 


lonic Solids 


In ionic solids, the constituent particles are ions. These solids are generally salts, such as NaCl, that form an extended 
three-dimensional network of ions held together by the strong force of attraction between ions of opposite charge. 
Ionic compounds form solids in which the force of attraction between the ions of opposite charge is maximized by 
keeping the ions as close together as possible. Since the force of attraction is inversely proportional to the square of 
the distance between the positive and negative charges, the strength of an ionic bond is also inversely proportional to 
the size of the ions that form the solid. 


Fea 1 * tb 
rf 


When the ions are large, the bond is relatively weak. However, the ionic bond is still strong enough to ensure that salts 
have relatively high melting and boiling points. For example, NaCl melts at 801°C and boils at 1413°C. These solids do 
not conduct electricity in solid state because the ions are held together by strong electrostatic forces. However, in the 
molten state or in aqueous solutions, these ions become free to move and conduct electricity. 


Metallic Solids 


Metallic solids hold metals together and are composed of posi- 
tively charged metal cations in a three-dimensional array. 
Electrons in the valence shell of a metal atom are shared by 
many atoms, instead of just two. In effect, the valence elec- 
trons are delocalized over many metal atoms (Fig. 4.3). This 
means that the electrons are not confined to the space between 
nuclei of atoms. Since the electrons are not tightly bound to 
individual atoms, they are free to migrate through the metal. 
The metal cations are surrounded by a sea of delocalized elec- 
trons that form metallic bonds. Each metal atom contributes 
one or more electrons towards the sea of mobile electrons. 
In a metal, each atom is surrounded by as many neighboring atoms as possible. Lithium, for example, crystallizes 
in a structure where each atom touches eight nearest neighbors. The distance between the nuclei of the atoms 
is 0.304 nm. 


Figure 4.3 Sea of electrons in a metal. 
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The properties of metallic solids are as follows: 


1. Unlike ionic solids, metallic solids show high thermal and electrical conductivities due to the presence of these 
free electrons. When an electric current is applied to metallic solids, the sea of electrons begins to flow through the 
network of positive ions and conduct electricity. Similarly, when a portion of metal is heated, the free electrons of 
that zone gain thermal energy and transfer that energy to the adjoining electrons along the metal network. The 
thermal energy thus gets uniformly distributed, heating up the other portions of the solid. 


2. Metallic solids have a wide range of melting points compared to ionic solids, which have higher melting points. 
3. All metals, except for a few like alkali and alkaline earth metals, are malleable and ductile. 


4. All metals possess luster and some of them are colored. 


Covalent Network Solids 


In covalent network solids, the atoms or chemical subunits are bonded by conventional covalent bonds in a continuous 
network. The bonding between chemical subunits is also identical to that within the subunits, resulting in a continuous 
network of chemical bonds. These are also called giant molecules because there are no individual molecules and the 
entire crystal may be considered as a macromolecule. Two common examples of network solids are diamond (a form 
of pure carbon, an atom) and quartz (silicon dioxide, a chemical subunit). 

In diamond, each carbon atom is covalently bound to four other carbon atoms oriented towards the corners of 
a tetrahedron, as shown in Fig. 4.4(a). So diamond crystal can be viewed as a single giant molecule. Since all of the 
bonds in the structure are equally strong, diamond is the hardest natural substance, and it melts at 3550°C. In quartz, 
individual SiO, molecules cannot be identified; instead the solid is an extended three-dimensional network of —Si-O- 
Si-O- bonds as shown in Fig. 4.4(b). 


141.5 pm Covalent bonds 


i) 
van der Waals 
bonds C4 


@ Pa? 
is 
eo @ 


(a) (b 


Figure 4.4 Three-dimensional network of (a) diamond and (b) quartz. (c) Two-dimensional network of graphite. 


Note: Graphite and the mica group of silicate minerals are also examples of covalent network solids. However, 
structurally they consist of continuous two-dimensional networks of covalently bonded atoms or chemical subunits. 
The two-dimensional layers are held together by van der Waals forces of attraction. Graphite consists of extended 
planes of carbon atoms in which each carbon forms strong covalent bonds to three other carbon atoms. 


(a) The strong bonds between carbon atoms within each plane explain the exceptionally high melting and boiling 
points of graphite. 
(b) The relatively weak van der Waals forces between the plane of atoms makes it easy to deform the solid by 


allowing one plane of atoms to slide over the other. Graphite is, therefore, soft enough to be used in pencils and 
as solid lubricant. 


(c) Since each atom of carbon forms three covalent bonds with the neighboring carbon atoms in the same layer, 
the fourth valence electron of each carbon atom is delocalized and free to move about. These free electrons are 
responsible for electrical conductivity of graphite [Fig. 4.4(c)]. 
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The formulas of covalent network solids are simple ratios of the component atoms represented by a single formula 
unit. The covalent bonds between the atoms or chemical subunits are very strong and directional. Hence, these solids 
are very hard and brittle, and have high melting points. However, they do not conduct electricity in solid state as there 
are no free electrons. Unlike ionic compounds, they do not conduct electricity in molten state because of absence 
of ions. 

The different properties of the four types of crystalline solids are given in Table 4.2. 


Table 4.2 Types of solids and their properties 


Nature of Nature of interaction 
Type of solid constituent particles between particles Physical and electrical properties Examples 
Molecular: Molecules 
(a) Non-polar (a) Dispersion or (a) Soft (a) H,, CO, 
London forces 
(b) Polar (b) Dipole—dipole (b) Low melting points (b) HCl, SO, 
force 
(c) Hydrogen bonded (c) Hydrogen bonding (c) Non-conductors of electricity in (c) H,O 
both solid and liquid states 
Ionic Tons Ionic (Coulombic or (a) Relatively hard NaCl, MgO, 
electrostatic) bonding _(b) Brittle ZnS 
(c) High melting points 


(d) Non-conductors of electricity 
as solids, but conduct when 


melted 
Metallic Positive metalionsin Metallic bonding (a) Range from very hardto very Fe, Mg, Cu 
a sea of delocalized soft 
“free electrons” (b) Melting points range from high 
to low 


(c) Conduct electricity in both 
solid and liquid states 
(d) Have characteristic luster 
Network Atoms and chemical Covalent bonding (a) Very hard C (diamond) 
subunits (b) Very high melting points SiO, (quartz) 
(c) Non-conductors of electricity C (graphite) 
(graphite is an exception) 


Solved Example aaa 


Identify the forces that must be overcome to cause melt- Solution 
ing in the following solids and rank the compounds in the 
increasing order of their expected melting points: (a) KF; 
(b) HF; (c) HCI; (d) F,. 


(a) Ion-ion; (b) hydrogen bonding and London forces; 
(c) dipole-dipole and London forces; (d) London forces 
only. The order of melting points: F, < HCl < HF < KF. 


Solved Example | 4-2 | 


Identify the type of molecular solid in H,O(s), C(s), solid. The network and ionic solids should have the high- 
CS,(s), KF(s), Sn(s). Estimate the order of increasing est melting points, and the molecular solids should have 


melting points among them. the lowest value. H,O(s) has hydrogen bonding, a stronger 
force than the London forces in CS,(s). Therefore, the 
Solution order of increasing melting points should be CS, < H,O < 


H,O(s) is a molecular solid. C(s) is a network solid. CS,(s) papeter oe 


is a molecular solid. KF is an ionic solid. Sn is a metallic 
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Solved Example | 4-3 | 


Describe the differences between molecular solids and forces. Network covalent solids are composed of a three- 
network covalent solids on atomic and macroscopic dimensional array of atoms held together by covalent 


scales. bonds. On the macroscopic scale, network covalent solids 
have high melting points and molecular solids have rela- 
Solution tively low melting points. 


On the atomic scale, molecular solids are composed of 
individual molecules held together by intermolecular 


4.2 | CRYSTAL LATTICES AND UNIT CELLS 


A solid material in which the constituent atoms, molecules, or ions are arranged in an ordered pattern extending in 
all three spatial dimensions is known as crystal or crystalline solid. A crystal is a homogeneous portion of the solid 
substance that has a regular pattern of structural units bound by plane surfaces. It has long-range order and the con- 
stituent elements are arranged in a pattern that repeats periodically in the three directions. The characteristic features 
of a crystal are: 


1. Faces: These are generally planar surfaces, arranged on a definite plane depending on internal geometry, by which 
the crystal is bound. Crystals may have like or unlike faces. 

2. Edges: These are formed by the intersection of two adjacent faces of a crystal. 

3. Interfacial angle: It is the angle between the normal to the two intersecting faces. 


4. Zone and zone axis: The set of faces which meet in parallel edges or would do so if the planes of the faces are 
extended constitute a zone. The line passing through the centre of the crystal in a direction parallel to the edge of 
zone is called the zone axis. 


Note: The relation between faces (F), edges (£) and interfacial angle (C) for a crystal is given by: 
F+C=E+2 


A crystal is said to be symmetric if it has plane of symmetry, axis of symmetry and center of symmetry as shown in 
Fig. 4.5. These symmetry elements are discussed as follows. 


(a) (b) = (c) 
Figure 4.5 (a) Plane of symmetry. (b) Axis of symmetry. (c) Center of symmetry. 


1. Plane of symmetry: A plane passing through the center of the crystal such that it divides the crystal into two equal 
portions that are mirror images of each other. These are of two types: 


(a) Rectangular plane of symmetry: These are planes of symmetry which are located midway parallel to the oppo- 
site faces. Thus, in a cube (which has 6 faces) three rectangular planes of symmetry are possible as shown in 
Fig. 4.6. 
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Figure 4.6 Rectangular planes of symmetry in a cube. 


(b) Diagonal plane of symmetry: These are planes of symmetry that touch the opposite edges. They lie on the 
diagonal of opposite faces. Thus in a cube (which has 12 edges or 6 pairs of opposite edges), six diagonal 
planes of symmetry are possible (Fig. 4.7). 


Figure 4.7 Diagonal planes of symmetry in a cube. 


In Fig. 4.7 the diagonal planes of symmetry are: 
(1, 4, 6, 7); (3, 4, 5, 6) 
(2, 3,5, 8); (1, 3,5, 7) 
(1, 2, 7,8); (2, 4, 6, 8) 
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Therefore, total number of planes of symmetry in a cube = 3 (rectangular planes of symmetry) + 6 (diagonal 
plane of symmetry) = 9 


2. Axis of symmetry: A line about which the rotation of the crystal results in the same appearance more than once 
in one complete revolution. These are of three types: 


(a) Axis of four-fold symmetry: If we make a line passing through the centers of two opposite faces of cube, on 
rotating the cube above this line as axis, the identical appearance of the cube occurs four times during its rota- 
tion by 360°. Simply put, we get identical appearance of the cube at every rotation of 90°. In a cube (which has 
six faces), there are three axis of four fold symmetry (Fig. 4.8). 


Figure 4.8 Axis of four-fold symmetry. 


(b) Axis of three-fold symmetry: If we make a line passing through opposite corners of a cube along the body 
diagonal, on rotating the cube above this line as axis, the identical appearance of the cube occurs three times 
during its rotation by 360°. In other words, we get identical appearance of the cube at every rotation of 120°. 
In a cube (which has eight corners or four pairs of diagonally opposite corners), there are four axis of three 
fold symmetry (Fig. 4.9). 


Figure 4.9 Axis of three-fold symmetry. 


(c) Axis of two-fold symmetry: If we have a line passing through the centers of two diagonally opposite edges 
of a cube, on rotating the cube above this line as axis, we get identical appearance of the cube two times dur- 
ing the rotation of cube by 360°. Thus, we get identical appearance at every 180° rotation of the cube. In a 
cube (which has 12 edges or six diagonally opposite pair of edges), six axis of two fold symmetry are possible 
(Fig. 4.10). 
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Figure 4.10 Axis of two-fold symmetry. 


Therefore, the total number of axes of symmetry in a cube 
= 3 + 4 + 6 =13 


(four fold) (three fold) (two fold) 


3. Center of symmetry: The point in the crystal located such that any line passing through it divides the crystal into 
two symmetric portions. A crystal can never have more than one center of symmetry, which lies at the center of 
the cube. Therefore, total elements of symmetry in a cube = 9 + 13 +1 = 23. 


A regular arrangement of the constituent particles of a crystal in a three-dimensional space is called crystal lattice or 
space lattice. The characteristics of a crystal lattice are: 

1. Each point in a crystal lattice is known as lattice point or lattice site. 

2. Each point in a crystal lattice represents a constituent particle which can be an atom, ion or a molecule. 

3. Lattice points when joined by straight lines define the geometry of the lattice. 
The unit cell is the smallest three-dimensional portion of a complete space lattice, which when repeated over and again 
in different directions produces the complete space lattice. The relation between unit cell and crystal lattice is that the 
unit cell is part of the lattice as shown in Fig. 4.11. The characteristics of a unit cell are: 

1. The size of the unit cell is defined using lattice parameters (also called lattice constants or cell parameters). 


2. These are the relative dimensions of the three edges a, b,c of the unit cell along the three axes (primitives) and the 
angles (interfacial angles) between these edges are given by a (angle between b and c); B (angle between a and c) 
and y(angle between a and b). 


3. The position of the atoms in the unit cell is defined by its coordinates (x,, y,, z;) along the crystallographic axes 
(Fig. 4.11). These are lines drawn parallel to the lines of intersection of any three faces of the unit cell which do 
not lie in the same plane. 
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The types of unit cell are broadly categorized into primitive and non-primitive unit cells. 


1. Primitive unit cell: In these unit cells, the constituent particles (atoms, ions or molecule) are present only at the 


corners of the unit cell. The shapes of unit cells are restricted by symmetry as well as space considerations, that is, 


they should be able to arrange themselves in the lattice without gaps and overlaps. Accordingly, there are seven 


unique and basic unit-cell shapes (primitive unit cells) with varying elements of symmetry in a three-dimensional 
space. These are called the seven crystal systems, namely, cubic, tetragonal, orthorhombic, hexagonal, rhombohedral, 
monoclinic and triclinic (Fig. 4.12).The lattice parameters and some examples of each kind are given in Table 4.3. 


Table 4.3 Seven primitive unit cells and their parameters 


Crystal system Edge lengths Angles Examples 
Cubic a— i — 6 a= B=y=90° NaCl, ZnS, Cu 
Tetragonal a=b#c “== v= OP White Sn, SnO,, TiO,, CaSO, 
Orthorhombic QADFC C= [B= v=o Rhombic sulphur, KNO,, BaSO, 
Hexagonal =|) 20 O7= [B= OU 7 = 12 Graphite, ZnO, CdS 
Rhombohedral a=b=c a= Bp=7#90° Calcite (CaCO,), HgS (cinnabar) 
Monoclinic QFEDEC = 77 = 10's [8 2 OO" Monoclinic sulphur, Na,SO,-10H,O 
Triclinic GAD AG Oj =2/Bes 2 0P K,Cr,O,, CuSO, - 5H,O, H,BO, 
= 90° 
c 
a =|90° 
p=o0| C 
Lp 
a 
Tetragonal Orthorhombic 


Monoclinic 


Rhombohedral 


Triclinic 


Figure 4.12 Types of primitive unit cells. 


2. Non-primitive unit cell: In these unit cells, the constituent particles (atoms, ions or molecules) are present at the 
corners a well as on some other positions of the unit cell (say faces, edges, etc.) The non-primitive unit cells are 


further classified (Fig. 4.13) as follows: 


(a) Body centered: Atoms are present at the corners and one at the center of the unit cell. The crystal systems 
with this type of unit cell include cubic, tetragonal and orthorhombic. 


(b) Face centered: Atoms are present at the corners and at the center of each face of the unit cell. The crystal 


systems with this type of unit cell include cubic and orthorhombic. 


(c) End centered: Atoms are present at the center of diagonal joining the nearest neighbors at one set of faces 
in addition to the atoms at the corner of the unit cell. The crystal systems with this type of unit cell are 


orthorhombic and monoclinic. 
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Primitive Face centered Body centered End centered 


Figure 4.13 Types of lattices in unit cells. 


Bravais Lattices 


Although each crystal system is expected to have four different unit cells, all of them cannot exist in each case. 
Symmetry indicates that on combining 7 crystal classes with 4 possible unit cell types, only 14 three-dimensional lat- 
tice types (7 primitive or simple, 3 body centered, 2 face centered and 2 end centered) are possible. In 1848, Auguste 
Bravais demonstrated that, based on geometry, there are, in fact, only 14 possible ways in which similar lattice points 
can be arranged in regular order in three-dimensional space while maintaining their translational symmetry. For his 
efforts, crystal lattices are often referred to as Bravais lattices. Thus, there are 3 different cubic types, 2 different tetrag- 
onal types, 4 different orthorhombic types, 2 different monoclinic types, 1 rhombohedral type, 1 hexagonal type and 
1 triclinic type which constitute the 14 Bravais lattices (Table 4.4). 


Table 4.4 Crystal classes and Bravais lattices 


Crystal classes Bravais lattices 
: in pd 
Primitive Body centered Face centered 
- in x 
Primitive Body centered 
Orthorhombic BSS Sa 
——— — o—— tA 
Primitive End centered Body centered Face centered 
- jal jal 
Primitive End centered 


(Continued) 
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Table 4.4 (Continued) 


Crystal classes Bravais lattices 


Triclinic 


Primitive 


Rhombohedral or trigonal 


Primitive 


Hexagonal 


q 


Primitive 


Solved Example 


Name the Bravais lattices for the orthorhombic crystal Solution 


class. : , : 
The Bravais lattices for the orthorhombic crystal class are 


primitive, end centered, body centered, face centered. The 
parameters area#b#c and a=B=y=90°. 


Solved Example 


Which crystal systems have a= B= y= 90°? Solution 


Cubic, tetragonal and orthorhombic. 


Solved Example 


Which are the most unsymmetrical and symmetrical Solution 


systems? a8 ‘ : 
y Most symmetrical is cubic as all the unit cell parameters 


are equal, that is,a=b=c and a= B= y= 90°, for example, 
NaCl and KCl. 

The most unsymmetrical is triclinic as all the param- 
eters are unequalazb#canda#B#y#90°. 
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4.3 | CALCULATIONS INVOLVING UNIT CELL DIMENSIONS 


A crystal lattice is composed of large number of unit cells in which the lattice points are occupied by constituent parti- 
cles, which may be atoms, molecules or ions. However, it must be remembered that atoms located at the corners, edges 
and faces of the unit cell only partially occupy the unit cell, and are not fully contained in a single unit cell. 

A primitive cubic lattice is of three types — simple cubic, body centered cubic and face centered cubic. The cubic 
lattice can be analyzed for the following: 


1. Number of atoms: The number of atoms contained within the unit cell can be calculated by adding the contribu- 
tion of each constituent particle to the unit cell. 
(a) Anatom at the corner of a unit cell is shared by eight unit cells. Hence each atom contributes 1/8 to the unit cell. 
(b) An atom at the face is a shared by two unit cells, contributing 1/2 to the unit cell. 


(c) An atom within the body of the unit cell is shared by no other unit cell. Hence, each atom contributes 1 to the 
unit cell. 


(d) An atom present on the edge is shared by four unit cells. Hence, each atom on the edge contributes 1/4 to the 
unit cell. 


2. Effective number of atoms (z,,,): The effective number of atoms in a unit cell can be determined as follows: 
n nN ny, n 

seine ws + ab 1 = 

8 2 1 4 

where 

n, = number of atoms at corners of a unit cell 

n, = number of atoms at faces of a unit cell 

n,, = number of atoms at body center of a unit cell 

n, = number of atoms at edges of a unit cell 


Note: (a) Effective number of atoms at alternate faces of a unit cell: In a unit cell, there are only two alternate 
faces, therefore 


en 2 .* (5) = 1 atom/unit cell 


alternate ae 
faces Contribution 
of face 


centered atom 


(b) Effective number of atoms at alternate edge centers: In a unit cell, there are four alternate edge centers, 
therefore, 


1 
Lett = A _X (3) = 1 atom/unit cell 


edge centers ean 
8 Contribution 


of atom at 
edge center 


3. Mass of the unit cell: The mass of the atoms in a unit cell can be calculated as follows: 


Mass of the atoms of unit cell = Number of atoms in a unit cell x Mass of an atom (M,,,,,) 


Atomic mass (A 
Mass of one atom = (A) 


Avogadro number (N,) 
4. Volume of unit cell: The volume of unit cell for a cubic unit cell is 


a 
Vi=a 
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5. Density calculation: It is possible to calculate the theoretical density of a compound. Since density is mass per unit 
volume, it can be calculated by finding the total atomic weight of all atoms in the unit cell and dividing it by the 
volume of the unit cell. Conversely, if we know the density of the substance and its crystal structure from experi- 
ment, then we can calculate the unit cell dimensions and hence the atomic mass of an element. 


Density (p) = 


or 


(Number of atoms/cell) x (Atomic mass) 


(Volume of unit cell) x (Avogadro’s number) 


nA 


PY V.XN, 


(4.1) 


6. Volume of space occupied: The volume of occupied space contained within the unit cell is calculated by multiply- 
ing the number of atoms per unit cell by the volume of a sphere (V = 4/3zr°’). 


4.4 | CUBIC LATTICE - SIMPLE, FACE CENTERED 
AND BODY CENTERED 


Applying the above calculations, the various parameters of the three types of unit cell can be calculated as shown in 


Table 4.5. 


Table 4.5 Various parameters of simple, face centered and body centered cubic lattice 


Simple cubic 


Body centered cubic (bcc) 


Face centered cubic (fcc) 


Edge length: In simple cubic packing, the Edge length: The hard spheres touch 


atoms touch along the edge of the cube. 
Hence the cubic cell edge a = 27, where 
Ris the atomic radius. 


Number of atoms per unit cell = (8 x 1/8) = 
1 atom 
or rank (z) =1 


Number of nearest neighbors = 6 


Was Atomic mass (M,) 


Avogadro number (NV, ) 


Volume, V, =a’ = 8° 


one another along cube diagonal. So, 
the cube edge length, a = 4/3 (since 
diagonal of a cube = 3 times the length 
of one of its sides). The diagonal of the 
cube covers R+2R+R=4R (as the 
middle sphere actually touches the two 
corner spheres). 


One-eighth of an 
atom 


= 


Se 


Eight atoms at the corners = 8 x 1/8 = 
1 atom 

Atoms at the body center = 1 atom 
Number of atoms in a body centered 
cubic unit cell = 1+ 1=2 atoms 

or rank (z) =2 


Number of nearest neighbors = 8 


Naeeo Atomic mass (M,) 


Avogadro number (N, ) 


F 
Volume, V =a? = ae (= ar 
V3 9 


One atom 


Edge length: The hard spheres or ion 
cores touch one another across a face 
diagonal. Therefore, the cube edge 
length, a = 2rv2 [since (4r)? =a +a 
=> (a =8r)]. 


ae, 


de 


One atom at each corner = (8 x 1/8 each) = 
1 atom 

Atoms at each of the six face centers = 
(6 x 1/2 each) = 3 atoms 

Number of atoms in a face centered 
cubic unit cell = 4 atoms 

or rank (z) =4 


Number of nearest neighbors = 12 


Nase ae Atomic mass (MV, ) 


Avogadro number (N, ) 


Volume, V = a? = (2rV2)° = 16r°J2 


(Continued) 
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Table 4.5 (Continued) 


Simple cubic Body centered cubic (bcc) Face centered cubic (fcc) 
M : 2M M 
Density, p = 1x —A~— = a Density, p = ae Se : Density, p = 4M,/Na _ M,v2 
(2r)°N, 8Nar’ (64/9)/3r>  32/3N,gr 16r°J2 8N,r° 
Volume of space occupied: Volume of space occupied: Volume of space occupied: 
eases eae ee 2 W Stik pa? = rar 
3} 3 5 3 


Some other important parameters related to cubic lattice can be determined as follows. 


1. Simple cubic: In simple cubic cell (scc), coordination number is six and a = 2r. From Fig. 4.14, the distance of the 
nearest and second nearest atom in a simple cubic cell can be determined as follows. 


@ —> Nearest atom 
e@ —» Second nearest atom 


<> 
a 


Figure 4.14 Simple cubic cell. 


(i) Distance of the nearest atom from a given atom in scc. 
d=a=2r 
Number of nearest atoms = 6. 


(ii) Distance of the second nearest atom from a given atom in scc. 


d= J2a=2Ve2r 


Number of second nearest atoms = 12 
2. Body centered cubic: In a body centered cubic cell (bec), the coordination number is 8 and 3a = 4r, as shown 


in Fig. 4.15. Then the distance of the nearest, second nearest and third nearest atom from a given atom can be 
determined as follows. 


Figure 4.15 Body centered cubic cell. 


(i) Distance nearest atom in bcc from a given atom 


_¥3a _ 
2 


d 2r 


Number of nearest atoms = 8. 


(ii) Distance of second nearest atom in bcc 


Number of second nearest atoms = 6. 
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(iii) Distance of the third nearest atom d = av2 


(iv) Distance of fourth nearest atom in bcc can be determined as shown in Fig. 4.16. 


Figure 4.16 Distance of fourth nearest atom in bcc. 


(¥) a) avi 
d= + = 
2 aD 2 
Number of fourth nearest neighbors = 24. 
3. Face centered cubic: In a face centered cubic cell (fcc), the coordination number is 12 and V2a =4r as shown 


in Fig. 4.17 Then distance of the nearest atom and second, third and fourth nearest atoms can be determined as 
follows. 


Figure 4.17 Face centered cubic cell. 
(i) Distance of nearest atom from a given atom in fcc 


(5 


Number of nearest atoms = 12. 
The layers in cubic close packing, ccp (ABCABC....) can be visualized as shown in Fig. 4.18. 


A 
Ts 
B 
Cc 
AP 
Figure 4.18 Visualizing layers in ccp. 


(ii) Distance of second nearest atoms from a given atom in fcc d=a 


Number of second nearest atoms = 6. 


(iii) Distance of third nearest atoms from a given atom in fcc 
2 
3 
Famer +) _ fs ; 
f(a) 3 
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(iv) Distance of fourth nearest atoms from an atom in fcc 


d=aN2 


Number of fourth nearest atoms = 12. 


Solved Example [ee 


Iron metal and caesium chloride have similar structures. 
The simplest repeating unit in iron is a cube of eight iron 
atoms with a ninth iron atom in the center of the body of 
the cube. The simplest repeating unit in CsCl is a cube of 
CI ions with a Cs” ion in the center of the body. Explain 
why one of the structures is classified as a body centered 
cubic unit cell and the other as a primitive cubic unit cell. 


Solution 


In order for a substance to be classified as a body cen- 
tered cubic cell, all of the positions in the unit cell must 
be occupied by the same type of atom or ion. 


Solved Example azel 


For the three cubic structures studied, which has the sim- 
plest relationship between the radii of the ions and the 
edge length of the unit cell? 


Solution 


The simple cubic cell has the simplest relationship 
between the radii of the ions and the length of the edge 


of the unit cell. In a simple cubic cell, the length of the 
edge of the cell is equal to r* +7. In a face centered cube 
2(r° + °) = aV2 where a is the length of the edge of the 
unit cell. For a body centered cubic cell, the relationship 
is 2(r° +) = aV3. 


Solved Example | 4-9 | 


Silver has a cubic unit cell with a cell edge of 480 pm. Its 
density is 10.6 g cm*. How many atoms of silver are there 
in the unit cell? 


Solution 


The length of the edge of unit cell = 408 pm, volume of 
unit cell = (408 pm)’ = 6792 x 10 cm* = a’. Thus, 
Mass of unit cell = Density x Volume = 10.6 g cm™ x 
67.92 x 10 cm? = 7.20 x 10g 


But mass of unit cell = number of atoms in unit cell x 
mass of each atom and mass of each atom is 


Atomic mass _ 108 


N, > 6023x107 17910" 8 
: 


Hence, the number of atoms present in a unit cell is 


_ 7.20x10 


By ae ee ee 
*= 179x10™ 


Solved Example 4-10 


Sodium metal crystallizes in body centered cubic lat- 
tice with the cell edge, a = 4.29 A. What is the radius of 
sodium atom? (IIT-JEE 1994) 


Solution 


In a bcc arrangement, we have 


= N34 _ V3 x4.29 
4 4 


=1.86A 
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Solved Example 


A metal crystallizes into two cubic phases, face centered Ziec XM 

cubic (fcc) and body centered cubic (bcc), whose unit cell Pee Gee X Number of atoms 
lengths are 3.5 A and 3.0 A, respectively. Calculate the A, > Zoe XM 

ratio of densities of fcc and bec. (IIT-JEE 1999) i a;,. x Number of atoms 
Solution . thee YOY 

or ratio= |] 2 | = x( 
The ratio of the densities of fcc to bec is Zico \ Lec 2 \35 
= = = 1,26 
343 


Solved Example 


Fig. 4.19 shows the location of atoms in three crystallog- Solution 
raphy planes in an fcc lattice. Draw the unit cell for the 
corresponding structure and identify these planes in your 
diagram. 


$8 5 B8E 
OOO 


Figure 4.19 Figure 4.20 
(IIT-JEE 2000) 


The unit cells are shown in Fig. 4.20, and the shaded por- 
tions represent the planes. 


Solved Example 


The edge length of unit cell of a metal having molecular Therefore, 
weight 75 g mol’ is 5 A which crystallizes in cubic lat- wa pie sae Nx: 
tice. If the density is 2 g cm™ then find the radius of metal cee M, 
atom. (N, = 6.023 x 10°). Give the answer in pm. (6.023x 10” mol") 
(IIT-JEE 2006) =2gem™ x(5x10“cm)’ x a 
75 gmol 

Solution = 

2207 Thus, the metal has a bcc structure for which 
The density is given by p = ——* Ba 1.7325 

Gas pes =2.165 A=216.5 pm 


4 


Solved Example 


Gold (atomic radius = 0.144 nm) crystallizes in aface cen- 2a. So, /2a= 4r. Therefore, the length of a side of the 
tered unit cell. What is the length of a side of the cell? cell is 


Solution cob b4oT ae 


V2 
For an fcc structure, face diagonal d = 4r. If a is the 
edge length of the unit cell, face diagonal is equal to 
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Solved Example 4-15 | 


The edge length of the cubic unit cell of lead is 4.92 A. 
The density of lead is 11.55 g cm™. What is the type of 
cubic lattice taken up by lead? (Atomic mass of lead = 
207.2 u.) 
Solution 

3 
Molar volume of the solid = x 6.023 x 107 where a is the 


n 
side length and 7 is the number of atoms in the unit cell. Also 


molar mass _ 207.2 
density 11.55 


_ (4.92x10*)? x 6.023 x 10” 
n 


Molar volume = 


Substituting in the previous expression, we get 


TED 2479303 naa 
n 


Thus, lead has fcc arrangement. 


Solved Example 4-16 | 


A compound is formed by atom of elements A and B, 
which has a cubic structure. Atoms of element A are pre- 
sent at corner of the cube and also at the face centers. 
Atoms of B are present at the body center and at the edge 
center. Calculate z,,, total number of atoms in the cube 
and simplest formula of the compound if 

(a) All the atoms are removed from one of the body 

diagonals of the cube. 


(b) All the atoms from the diagonals of one of the face of 
the cube are removed. 


(c) All the atoms are removed from one of the plane 
passing through the middle of the cube. 


(d) All the atoms are removed from one of the axis pass- 
ing through one of the face centers of the cube. 
Solution 


Consider that the given compound has cubic structure as 
shown in Fig. 4.21. 


o—-A 
e-—>B 


Figure 4.21 


(a) Atoms are removed from one of the body diago- 
nal, that is,2 A atoms (from corner) + 1 B atom 
(from body center) are removed. 


Therefore, 


(8-2) | 6 
8 p 1 4 4 


(no. of atoms (no. of atoms (no. of atoms B_- (no. of atoms of 
of Aat corners) of Aatfacecenter) at body center) Bat edge center) 


t=), 2 27 


Zett = 


Total number of atoms = 6+ 6+ 12 = 24 atoms 
Simplest formula=A,,,B, or A,;B,, 


(b) Atoms are removed from two diagonals of one 
face of cube, that is, 4 A atoms (from corner) 
and 1 A atom (from face center) are removed. 
Therefore, 


Zot = Sclaa ae oc) + 2 = be 
8 2 1 4 


(no. of atoms (no. of atoms (no. of atoms B (no. of atoms of 
of Aatcorners) of Aatfacecenter) at bodycenter) B at edge center) 


=7 


Total number of atoms = 4+5+1+12=22 atoms 
Simplest formula = A,B, 


(c) If all the atoms are removed along the plane 
passing through the middle of the cube, that is, 
4 A atoms (from face centers), 4 B atoms (from 
edge centers), 1 B atom (from body center) are 
removed. Therefore, 


8 | (-4) | (=) | G2-4t _ 
8 2 1 4 


(no. of atoms (no. of atoms (no. of atoms B- (no. of atoms of 
of Aatcorners) of Aatfacecenter) at bodycenter) Bat edge center) 


4 


Set = 


Total number of atoms = 8+ 2+0+8=18 atoms 
Formula = A,B, or AB 


(d) If all atoms are removed along an axis pass- 
ing through one of the face center, that is, 1 B 
atom (from body center) + 2 A atoms (from face 
center) are removed. Therefore, 


8 6-2 1-1 12 
_ . ©2 , a), 
8 2 1 4 


(no. of atoms (no. of atoms (no. of atoms B- (no. of atoms of 
of Aatcorners) of Aatfacecenter) at body center) Bat edge center) 


=6 


Total number of atoms = 8+ 4+0+12=24 atoms 
Simplest formula = A,B, or AB 
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4.5 | CLOSE-PACKING IN CRYSTALS 


The crystal structures of many metals, alloys and inorganic compounds can be described geometrically as a packing of 
equal spheres (atoms), held together by interatomic forces. When the crystal is made up of more than one kind of atom, 
the positions of one kind of atoms or ions correspond to those of closely packed equal spheres and the other kind of atoms 
are distributed among the voids in the close-packing. Such structures are generally referred to as close-packed structures. 
In order to maximize the bonding in such close-packed crystalline solids, the arrangement or packing of atoms needs 
to be such that maximum available space is utilized; hence, the crystal has maximum density. Jn analyzing the efficiency of 
packing of atoms to meet these criteria, it is assumed that the atoms are hard spheres of identical size. The three-dimensional 
structure for the constitutional particles can be built by understanding the packing in one, two and three dimensions. 


Close Packing in One Dimension 


In this case, the closest efficient packing is when the spheres just touch each other is shown OO0O0000 


in Fig. 4.22. The number of closest neighbors that an atom has is called its coordination 
number. In one-dimension packing, coordination number is two. Figure 4.22 Close 


packing of sphere in one 
Close Packing in Two Dimensions dimension. 


The arrangement of spheres can be done by stacking the rows of closely packed spheres in two possible ways: 


1. Square close packing: It is obtained when the second row of spheres is placed adjacent to the first row. The spheres 
in the two rows are thus aligned horizontally as well as vertically, as shown in the Fig. 4.23(a). If the first row is 
designated as “A”, then the second row being identical is also called “A”. When many such rows are stacked 
together, the arrangement is AAA type. 


DOOOCOO©O 
Ne Ne Oo Nee) 

Ee OE.) 
2222222 2 


Oo) 


> WD > D 


(b) 
Figure 4.23 (a) Square and (b) hexagonal close packing of spheres. 


In such an arrangement, each sphere or atom has four other atoms as its closest neighbors, so the coordination 
number is four. The centers of the neighboring spheres join to form a square and hence the packing is known as 
square close packing in two dimensions. 

2. Hexagonal close packing: It is obtained when the second row of spheres is placed in the interstices or depressions of 
the first-row spheres as shown in Fig. 4.23(b). In this arrangement if the first row is called “A” type then the second 
row being different can be designated as “B” type. Then when the third row is placed in a staggered manner over 
the second row, it is aligned with first row and can be “A” type. Similarly, the fourth row would be staggered with 
respect to third row but aligned with second row and is hence “B” type. The arrangement is known as ABAB type. 
This packing is more efficient with less free space and is a more efficient way of packing in two-dimensional space. 

In this arrangement, each sphere or atom has six closest neighbors, so coordination number is six. The centers 
of the neighboring squares form a hexagon and hence the packing is known as hexagonal close packing (hep) in 
two dimensions. It can be seen from Fig. 4.23(b) that there are some empty spaces or voids between the spheres 
placed in ABAB type of packing. These voids are triangular in shape and are known as triangular voids. These are 
of two types—one with the apex of the triangle pointing upwards and in the other pointing downwards. 


Close Packing in Three Dimensions 


The arrangement or packing of constituent atoms in three-dimensional space can be derived by further extending the 
packing to three-dimensional space on a square or hexagonal close packed two-dimensional stack. This can be gener- 
ated by stacking two-dimensional layers one above the other. 
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From Two-Dimensional Square Close Packing 


In this arrangement, the second layer of atoms is placed above the first layer, similar to how it is placed adjacent in square 
close packing in two dimensions. The arrangement of spheres is perfectly aligned horizontally as well as vertically. The 
subsequent layers may be placed one above the other in a similar manner to build a lattice that has “AAA...” type of 
pattern. The lattice so generated is the simple cubic lattice where the primitive cubic cell is the unit cell. 


From Two-Dimensional Hexagonal Close Packing 


Three-dimensional close packed structure can be obtained from the two-dimensional arrangement of hexagonal close 
packing by placing layers one over the other. 


1. Placing second layer over the first layer: In this arrangement, the second layer of spheres is placed in the depres- 
sion created by the first layer “A” as shown in Figs. 4.24(a) and (b). Since the spheres of the two layers are aligned 
differently, the second sphere may be labeled as “B” It is to be noted that although there are six voids around each 
sphere in the first layer, only three of these can be directly covered by placing the spheres of the second layer. 


Figure 4.24 (a) One layer of closely packed spheres. (b) A second layer is started by placing a sphere (colored 
red) in a depression formed between three spheres in the first layer. (c) A second layer of spheres shown 
slightly transparent so we can see how the atoms are stacked over the first layer. 


2. Placing third layer over the second layer: Placing the second layer of spheres in any of the two types of voids is 
identical. The difference between the two close-packed structures lies in the relative orientations of the spheres in 
the first layer and those that form the third layer. When it comes to placing the spheres of the third layer, we again 
have two different possibilities arising: 

(a) The spheres of the third layer can be placed in the voids of the spheres of second layer such that they are exactly 
in the same positions as the spheres of first layer as shown in Fig. 4.25(a). If the spheres of the first layer are 
labeled as A, those of second layer as B, then the third layer is also labeled A. Hence, the pattern in this type of 
packing is ABABAB... and is called hexagonal close packing or hcp. Each atom in an hep lattice is surrounded 
by and touches 12 nearest neighbors, 6 are in the planar hexagonal array (B layer), and 6 (3 in the A layer above 
and 3 in the A layer below) form a trigonal prism around the central atom. Examples of hcp are Mg, Zn, Cd. 


SS es ee 


A 
A — B 
_> Cc 
‘ine . 
B B 
| Cc 
| 
A 
Hexagonal Cubic 
close-packed close-packed 
structure structure 
(a) (b) 


Figure 4.25 (a) Hexagonal close-packed structure with ABABAB... repeating pattern. (b) Cubic close-packed 
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(b) Alternately, if the atoms in the third layer are placed such that they are on the positions corresponding to the 
three voids in the A layer that were not covered by the atoms in the B layer, then the third layer is different 
from either A or B and is labeled C. If a fourth layer is placed then it repeats the A layer orientation, and suc- 
ceeding layers repeat the pattern ABCABCA ..., the resulting closest packed structure is called as cubic close 
packing [ccp; Fig. 4.25(b)]. Examples of ccp are Cu and Ag. 


The similarities and differences between hexagonal and cubic close-packed structures can be understood by compar- 
ing Figs. 4.25(a) and (b). 


1. In the hexagonal close-packed structure, the atoms in the first and third planes lie directly above each other. In the 
cubic close-packed structure, the atoms in those planes are oriented in different directions. 


2. In both hexagonal and cubic closed packing, an atom/sphere is in contact with 6 others in its own layer; it directly 
touches 3 spheres in the layer above and 3 in the layer below. Thus, each sphere has 12 closest neighbors. Thus, in 
both hcp and ccp each sphere has a coordination number of 12 and this is the maximum coordination number of 
any sphere for a maximum packing density. 


3. Because of their shape, spheres cannot fill space completely. In a close-packed arrangement of spheres, 74% of 
the space is filled. Thus, 26% of the space is unoccupied, and may be regarded as holes in the crystal lattice. These 
vacant spaces are known as interstitial voids or interstices. Many common crystal structures are related to, and 
may be described in terms of, hexagonal or cubic close-packed arrangements. 


Body Centered Cubic Close Packing 


There is a third method of packing the spheres in three-dimensions and is known as body centered cubic close packing 
(bccp). In this arrangement, the spheres in the first layer are slightly opened up in a manner that none of them touch 
each other. The spheres in the second layer are placed at the top of the hollow spaces in the first layer and the spheres 
in the third layer are placed exactly as in the first layer (Fig. 4.26). So, each sphere in this packing arrangement is in 
contact with eight other spheres, that is, four in the layer above and four in the layer below. Hence, the coordination 
number is eight. 


Figure 4.26 (a) Body centered close packing of spheres. (b) Body centered close packing. 


Coordination Number in Hexagonal Close Packing (hcp) and Cubic Close Packing (ccp) 


Coordination numbers is the number of nearest neighbors of any atom in a lattice. 
For hcp structure, the number of nearest neighbors of an atom is 12 as can be seen from Fig. 4.27, Thus, the coordina- 
tion number is 12. Example of elements in hcp lattice type are Mg, Cd, Zn, Ti and Be. 


Numbers of nearest 
neighbors 


Coordination 
number = 12 
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For cubic close packing structure, the number of nearest neighbors of an atom is 12 (Fig. 4.28), hence the coordination 
number is 12. 


Number of nearest 
neighbors 


C detsestescess. Coordination 
number = 12 


Figure 4.28 Coordination number in ccp. 


Examples of elements in ccp lattice type are Ca, Sr, Ag, Au and Cu. 
Examples of elements in bcc lattice type are Li, Na, K, Rb and Cs. 


4.6 | PACKING EFFICIENCY AND PACKING FRACTION 


The packing efficiency, f, is defined as the fraction of the total volume of the unit cell actually occupied by atoms. 


Volume occupied by atoms/spheres 


Packing efficiency = x 100 (4.2) 


Total volume of the unit cell 


1. For a simple cubic (sc) structure: For such an arrangement, the unit cell edge is a=2R, since two spheres just touch 
each other along the edge. Here R is the radius of the sphere. There is one atom per unit cell of a simple cubic 
structure. Therefore, 


1x (4/3)aR° 


Packing efficiency = OR): 


x 100 = ox 100 = 52.35% 


2. For body centered cubic (bec) structure: Similarly for a bec structure, the spheres touch each other along the body 
diagonal. Hence unit cell edge a is 


In bcc structure, the total number of atoms per unit cell is 2. Volume of two spheres is 


55 ke 
3 


Volume of the cube is 
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2x (4/3) ) _ (8/3)R? x 100 


= 68% 
(4/V3R)° 64/3V3R° 


Therefore, Packing efficiency = 


and packing fraction is 0.68. 


. In cubic close packing or face centered cubic (fcc) arrange- 
ment: For such an arrangement, along each face one sphere 
touches two others along the diagonal. 

In ccp unit cell, eight spheres are present at the cor- 
ners of the unit cell and six are present at each of the faces. 
The structure is similar to face centered cubic unit cell. 
Therefore, the number of atoms per unit cell is four. Let 
the radius of spheres in cubic close packing be r and the 
edge length of the unit cell be a (Fig. 4.29). Then in the right 
angled triangle ABC, 


AC’ = AB’ +BC =a°+ a’ =2a@ 


Figure 4.29 Packing efficiency in ccp. 


Therefore, AC = J2a 


We can see from Fig. 4.29 that AC is also the face diagonal, so in terms of radius of the spheres, AC = 4r. Therefore, 


V2a = 4r or pe oe 
2 


Sl 


The volume of the unit cell is a° = (2V2r)* = 16V2r". 


Volume of the four spheres = 4 x sar = ear 


The unit cell is occupied by four spheres (atoms). Hence, the volume of unit cell occupied is 


Volume of four spheres in the unit cell 100 


Packing efficiency = = 
Total volume of the unit cell 
o 16/32r° 1 


= —*~"_* 100 
16V2r? Fis) 


Therefore the volume of unit cell occupied is 74% and packing fraction is 0.74. 


x 100 = 74% 


. In hexagonal close packing: In the hcp unit cell (Fig. 4.30, there are 12 spheres (atoms) 
at the corners, which are shared by six other unit cells; one sphere at the center of 
top and bottom faces, each shared by two units; and three spheres at the center of the 
body. Thus, the number of spheres (atoms) in a hcp unit cell are: 


12x (comers) +2x 5 (face centers) + 3(in body) = 6 


Volume of the unit cell = Base area x height 


B 


Dist 
Base area of a regular hexagon = 6x Aen =6xvV3 Pr’ 


Height of the unit cell (4) = 4rx fe <— 2r—> 


Figure 4.30 Packing 


Therefore, efficiency in hcp. 


Volume of the unit cell = 6 x V3 r? x 4rx : = 24,/2r° 
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Volume of unit cell occupied by six spheres = 6x snr = 8ar° 


Volume of six spheres in the unit cell 100 


Packing efficiency = 
& y Total volume of the unit cell 


3 
ay iin 


T 
24/273 EO 


and packing fraction is 0.74. 


x 100 = 74% 


Calculation of Height of Unit Cell in Hexagonal Close Packing 


Consider the base layer of hcp structure as shown in Fig. 4.31(a). 


Figure 4.31(a) Base layer of hcp structure. 


In triangle A,PC, 
(PC, +r =(2ry 
PC, = V3r 


Since the medians intersect each other in the ratio 2:1, therefore, 


2 2 2r 
OP = —(PC,) ==v3r= 

3 PCs) 3 N3r 3 
Let the total distance between the layer ABA... = C 


Therefore, distance between layer AB = . ‘ 


Point O is the intersection of medians, therefore, from Fig. 4.31(b) 


C2 
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4.6 | Packing Efficiency and Packing Fraction 


Solved Example 4-17 | 


A metallic clement crystallizes into a lattice containing a Volume of 6 spheres in the 
sequence of layers ABABAB.... Any packing of spheres ; 7 unit cell 
leaves out voids in the lattice. What percentage by volume __ Packing efficiency = : x 100 
é ae Total volume of the unit cell 

of this lattice is empty space? (IIT-JEE 2006) 4 

; 6x-ar 
Solution = ———— x 100 

7 24/2r° 

The sequence ABABAB... indicates hcp unit cell. Now, 
there are 6 atoms per unit cell and volume of the unit cell x 100 = 74% 


is 24/2 r°. Thus, the packing fraction is 3x2 
Hence, the percentage of empty space = 100 — 74 = 26% 


Solved Example 


Calculate the efficiency (percentage of volume occupied From the figure, we have a = 2r where a is the edge length 
and unoccupied) of packing in case of a metal crystal for and ris the radius of the sphere. Then, number of spheres 


primitive cubic. present per unit cell = 8 x 1/8 =1 
: Volume of sphere = 4/3nr° 
Solution Volume of cube = a* = (2r)’ = 87° 
Consider the figure of primitive cubic unit cell as shown Al3nr? 
in Fig. 4.32: Packing efficiency = ao 52.4% 
So, the percentage of unoccupied volume = 100 — 52.4 = 


47.6% 


Figure 4.32 


Solved Example 


The density of solid argon is 1.65 g mL” at —233°C. If 
the argon atom is assumed to be sphere of radius 1.54 x 
10°* cm, what percentage of solid argon is empty space? 4x 3.14 x (1.54 10°)? x 2.48 x 10” 
(Atomic weight of Ar = 40 u.) = 


Total volume = sar x 2.48 x 10” 


3 
Solution = 0.38 cm? 
Given that density = 1.65 g cm™, so the number of atoms Therefore, % of space occupied by solid argon is 
: 3 1.65 23 22 
in lem’= ent x 6.023 x 10° = 2.48 x 10 Total volume _ 0.38 100 = 38% 


Now, volume of one atom of Ar = sar So, the total vol- Volume of solid argon f 


ume of all Ar atoms is The percentage of empty space = 100 — 38 = 62%. 


Solved Example 
The unit cell of metallic silver is face centered cubic (or (c) volume of a unit cell that is occupied by Ag atoms and 


cubic closed-packed) with a = b = c = 4.086 A. Calculate (d) the percentage that is empty space. 
(a) the radius of Ag atom, (b) the volume of an Ag atom, 
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Solution 


One face of the fcc unit shell can be visualized (Fig. 4.33) 
as consisting of five Ag atoms describing two right 
triangles that share a hypotenuse. The hypotenuse, h, is 
four times the radius of the silver atom. We can use the 
Pythagorean theorem to evaluate r,,. The volume of Ag 
atom is the volume of a sphere of radius r and is given by 
(4/3)zr’. We can use the length of the edge of the unit cell 
to find its total volume of the unit cell. The volume occu- 
pied by the Ag atoms is equal to the number of atoms per 
unit cell times the volume of each atom. These param- 
eters can be calculated as follows: 


Figure 4.33 


(a) The diagonal is given by d= Va’t+a’ = 
V2a’ = ,/2(4.086 A)’ = 5.778 A 


5.778 


But d=4r,,,80, 7%, =——— = 1.444 A 


V, g atoms 
TOPE aici = aoe x 100% = 
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(b) The volume of an Ag atom is (4/3)ar,.. Substi- 
tuting, we get 


ve = m(1.444 A) =12.61 A? = 12.61x10™ cm? 


(c) The entire fcc unit cell contains (4.05 x10)? = 
66.43x 10cm? Ag atoms. Each Ag atom has a 
volume of 1.26x10~*cm*. Thus, the volume of 
four Ag atoms is 

1.261x10™ em* 

Ag atom 


= 5.04410 cm? 


V 


Ag atoms 


= 4 Ag atoms x 


For a cubic unit cell, the volume is a’, 
Vonit cen = (4.086 A)? = 68.22 A? 
= 6.822 x10 cm? 

The percentage of the volume of the unit cell 
occupied by the silver atoms is 

—23 3 
5.044 x _ = 100% 
6.822 x10 cm” 


unit cell 

= 73.9% 

(d) So, the percentage empty space = (100 — 73.9) 
=26.1% 


4.7 | TETRAHEDRAL AND OCTAHEDRAL VOIDS 


After packing two layers in hexagonal close packing, we come across two types of voids—tetrahedral and octahe- 
dral. This leads to two different types of arrangements. If we cover tetrahedral voids in placing the third layer, we get 
ABAB... type structure and if we cover octahedral voids, we get ABCABC... type structure. 
If there are N atoms/ions in the closed pocked structure, then 

1. Number of tetrahedral voids = 2N 


2. Number of octahedral voids = N 


Tetrahedral Voids 


In the first arrangement, a sphere of the second layer is above the void of the first layer forming a tetrahedral void. The 
four spheres touch each other in a manner that a tetrahedron is formed when their centers are joined and the space in 
the center is called a tetrahedral site/hole or void (indicated by T in Figure 4.34). A tetrahedral void may be represented 
in a cube as shown in Fig. 4.35. 


Tetrahedral void 
CD _ 


Figure 4.34 Tetrahedral void. 
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The number of tetrahedral voids per unit cell is eight. The number 
of atoms per unit cell in ccp or fcc structure is four and the number of 
tetrahedral voids is eight, thus the number of voids is twice the number 
of atoms present in ccp lattice. 

The radius of an tetrahedral void (r) can be calculated in terms of 
atomic radius (R) as follows: For the convenience of calculation, if the 
spheres are assumed to occupy the alternate corners of a cube, then the 
tetrahedral void would lie on the body diagonal of this cube, just touch- 
ing the spheres on the opposite corners as shown in Fig. 4.35. 

Let the length of the side of the cube = a. From right-angled 
triangle ACB, face diagonal 


Body diagonal 


Figure 4.35 Geometrical representation 
of tetrahedral void. 


AB= VAC? +BC = Ja? +a@ = 2a 


As spheres A and B are actually touching each other, the face diagonal AB = 2R. Hence, 


1 
2R=J2a or R=—=a 4.3 
D7 ce) 


Again from the right-angled triangle ABD, the body diagonal 


AD = VAB? + BD? = ,(V2a)’ +a? = 3a 


But as the smaller sphere in the tetrahedral void touches the bigger spheres along the body diagonal AD = 2(R +1), 


(Rr) = Ba R+r= 2a (4.4) 


Dividing Eq. (4.4) by Eq. (4.3), we get 


R+r_ V3al2_ V3 
R alJ2 V2 


ae 
or — = —-—1=0.225 4.5 
aed or 


So, the radius of the tetrahedral void is r= 0.225 R. 


Location of Tetrahedral Voids in Face Centered Cubic Structure 


In face centered cubic cell, z,,,= 4 = N. Therefore, 

Number of tetrahedral voids = 2N = 2(4) =8 

Thus there are eight tetrahedral voids in fcc. To locate these voids, divide the cube into eight equal cubes as shown 
in Fig. 4.36 (a). Take a small cube out of the eight cubes, then the center of this cube is a tetrahedral void as shown in 
Fig. 4.36(b). There are two tetrahedral voids on the body diagonal of fcc. 
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Body 
diagonal 


(c) 


Figure 4.36 (a) Face-centered cubic cell divided into eight cubes with eight tetrahedral voids per unit cell. (b) 
Small cube with one tetrahedral void in the center. (c) Distance between two tetrahedral voids. 


Distance (x) between two tetrahedral voids can be determined from Fig. 4.36 (c) as follows: 


AD = V3a = 4x 
r= Bc = 234 
2 
Ba 
x =—— 
4 


Octahedral Voids 


In the second arrangement, the triangular voids of the second layer are above the triangular voids of the first layer but 
their shapes do not overlap. Instead, the apex of one points downwards, whereas that of the other points upwards. As a 
result octahedral site/hole or void is formed by six spheres touching each other as shown in Fig. 4.37 (indicated by O). 


Octahedral 
oD” (hole) 


Figure 4.37 Octahedral void. 


The contribution of 12 octahedral voids formed on the edges to each unit cell is 12 x 1/4 = 3. The octahedral void at 
the center of the cube belongs exclusively to that cube; therefore, the total number of octahedral void per unit cell is 
3+1=4. The number of atoms per unit cell in ccp or fcc structure is four and the number of octahedral voids is four, 


thus the number of voids is same as the number of atoms present in ccp lattice. 
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Note: The number of voids of these two types depends on the number of closely packed spheres. If the number of 
closely packed spheres is N, then the number of octahedral voids is N and number of tetrahedral voids is 2N. 


The radius of an octahedral void (r) can be calculated in terms of atomic radius (R) as follows: 
From the geometry shown in Fig. 4.38: 


[2(R+r)| (=d’)=(2RY +(2RY 


or 4(R+r) =8R’ = (R+ry =(2RY = (R+nr)=V2R 
Therefore, r= J2R-R= R(V2 -1)= R(1.414-1) 
le 
or —=0.414 (4.6) 
R 


The radius of the octahedral void is r= 0.414 R. 
Figure 4.38 Geometrical 


A 5 a3 ts : representation of octahedral 
Location of Octahedral Voids in Face Centered Cubic Structure void: 


In face centered cubic cell, z,,, = 4 = N. Therefore, 
Number of octahedral voids N = 4 
In fcc, octahedral voids are present at the edge center and at the body center (Fig. 4.39). Therefore, 


z 1 
Total number of octahedral voids = 12 x (3 + 1x (1) =4 
erlge 4 contribution 
contribution of bo 
of edge center center 


Octahedral 
voids 


Figure 4.39 Location of octahedral voids in fcc at: (a) body center (b) edge center and (c) 12 octahedral voids as 
the edge centers. 
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Formula of a Compound and the Number of Voids Filled 


In close-packed structures of ionic compounds, the cations and anions are arranged in a manner so as to maintain 
electrical neutrality. The cations and anions constituting the ionic compound are usually different. The larger ions 
form the close-packed structure, whereas the smaller ions are inserted in the voids. Generally, in an ionic crystal the 
size of anion is bigger than that of cations, so the voids are mostly occupied by the positive metal ions. We know that 
the number of octahedral voids present in the lattice is the same as number of close-packed particles; whereas the 
number of tetrahedral voids is twice of that number. It is not essential for all voids to be occupied in an ionic crystal. 
This number occupied depends on the chemical formula of the compound. On the other hand, if we know the number 
of voids occupied, we can predict the chemical formula of the compound. 

The size and type of void that can be occupied by an ion can be determined by knowing the relative sizes of the 
cations and anions. The ratio of radius of the smaller ion to that of the bigger ion is known as radius ratio rule. On the 
other hand, if we know the nature of void space, we can predict the radius ratio and identify which ion will occupy 
the void space. 


Solved Example 4-21 | 


Ina crystal of an ionic compound, the anion Bformsaccp Solution 
lattice and the cation A occupies one-half of the tetrahe- 


deal voids: What isthe-tormulaat the componnd? In a ccp lattice, the number of tetrahedral voids per atom 


of the crystal is two. Given that one-half of the tetrahe- 
dral voids are occupied, the number of cations is same as 
the number of anions and hence the formula is AB. 


Solved Example 4-22 | 


In a cubic close-packed (ccp) structure of mixed oxide, 
the lattice is composed of oxide ions, one-fourth of the 


with respect to oxide ions; therefore the number of oxide 
ions is 4. Given that there are divalent metals ions A in 


tetrahedral voids are occupied by divalent metal A and 
the octahedral voids are occupied by monovalent metal 
B. What is the formula of the oxide? 


Solution 


In a ccp structure, total number of octahedral voids is 4 
and tetrahedral voids are 8 per unit cell. The lattice is ccp 


one-fourth of the tetrahedral voids, the number of ions of 
A is 8 x 1/4 = 2. Octahedral voids are occupied by mono- 
valent B metal ions, therefore, the number of ions of B is 
4. The formula of the oxide is thus A,B,O, or AB,O,. 


Solved Example | 4-23 | 


In face centered cubic (fcc) crystal lattice, edge length is 
400 pm. Find the diameter of the greatest sphere which 
can be fitted into the interstitial void without distortion 
of the lattice. 


Solution 


For fcc, the radius is calculated as 


— a __ 400 
7 a2)? 2(2)"* 
The greatest sphere will fit in octahedral void because it is 
bigger than tetrahedral void. 
Now, radius of the octahedral void (R) = 0.413 x r = 
0.413 x 141.4 = 58.54 pm 
Therefore, diameter = 2R = 2 x 58.54 = 11708 pm. 


= 141.4 pm 
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Solved Example 4-24 | 


A compound is formed by two elements M and N. The ele- to twice the number of atoms of the element N. According 
ment N forms ccp and atoms of M occupy 1/3rd of tetrahedral to the question, the atoms of element M occupy 1/3rd of 


voids. What is the formula of the compound? the tetrahedral voids. Therefore, the number of atoms 
of M is equal to 2 x (1/3) = 2/3rd of the number of atoms 
Solution of N. Therefore, the ratio of the number of atoms of M to 


that of N is M:N = (2/3): 1 = 2:3. Thus, the formula of the 


The ccp lattice is formed by the atoms of the element N. compound is M,N,, 


Here, the number of tetrahedral voids generated is equal 


4.8 | RADIUS RATIO RULE AND IONIC RADIUS 


In close-packed structures of ionic compounds, the cations and anions are arranged in a manner so as to maintain 
electrical neutrality. The cations and anions constituting the ionic compound are usually different. The larger ions 
form the close-packed structure, whereas the smaller ions are inserted in the voids. Generally, in an ionic crystal the 
size of anion is bigger than that of cations, so the voids are mostly occupied by the positive metal ions. We know that 
the number of octahedral voids present in the lattice is the same as number of close-packed particles; whereas the 
number of tetrahedral voids is twice of that number. It is not essential for all voids to be occupied in an ionic crystal. 
This number occupied depends on the chemical formula of the compound. On the other hand, if we know the number 
of voids occupied, we can predict the chemical formula of the compound. 

Thus it can be seen that when the cation size (r) in relation to the size of the anion (R) increases, the coordination 
number and hence the structure of the crystal changes. That is, for a smaller size of cation, the close-packed structure 
would be tetrahedral; and when it increases in size it leads to octahedral arrangement and then to body centered cubic 
close packing of the crystal. This fact is represented in the form of radius ratio rules. The size and type of void that can 
be occupied by an ion can be determined by knowing the relative sizes of the cations and anions. On the other hand, 
if we know the nature of void space, we can predict the radius ratio and identify which ion will occupy the void space. 

The relationship between the radius, the coordination number and the structural arrangement is called the radius 
ratio rule. The larger the size of the cation, the greater is its coordination number. In other words, the greater is the 
radius ratio, the greater is its coordination number. 


Radius of cation (r) 
Radius of anion (R) 


Radius ratio = (4.7) 


Mathematical Calculation for Critical Radius Ratio 


1. For coordination number = 2; the shape of the molecule is linear (Fig. 4.40). Here R is the radius of the anion and 
ris the radius of the cation. 


Figure 4.40 Linear molecule with coordination number 2. 


If - < 0.155, then coordination number = 2 
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2. For coordination number = 3, shape of the molecule is triangular (Fig. 4.41). 


Anion 


Cation B 


Cc 


Figure 4.41 Triangular molecule with coordination number 3. 


Here, 
cos 30° = 
R+r 
r 2 
Therefore, — =—-1=0.155 
R 3 


If 0.155 < 2 < 0.225, then coordination number = 3. 


3. For coordination number = 4, shape of molecule is tetrahedral (Fig. 4.42). 


4078 = 54°44" 


Figure 4.42 Tetrahedral molecule with coordination number 4. 


Here, 


sin(54°.44’) = — 


r+R 


Therefore, a = 0.225 


If 0.225 < = < 0.414, then coordination number = 4. 


4. For coordination number = 6, shape of molecule is octahedral (Fig. 4.43). 


Figure 4.43 Octahedral molecule with coordination number 6. 
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In A OAB, (R +r) cos 45°=R 


Therefore, 7 -1.414-1=0.414 


If 0.414 < 2 < 0.732, then coordination number = 6. 


5. For coordination number = 8, the shape of molecule is cubic (Fig. 4.44). 


Figure 4.44 Cubic molecule with coordination number 8. 


Here, a=2R 
2(R +r) = V3a 
Therefore, = = 0.732 


If, 0.732 < - <1, then coordination number = 3. 


The radius ratio for important crystal systems is summarized in Table 4.6. 


Table 4.6 Radius ratio and coordination number of important crystal structures 


Radius ratio Anions close packing Coordination number 
< 0.155 Linear 2 
0.155 to 0.225 Planar triangular 3 
0.225 to 0.414 Tetrahedral 4 
0.414 to 0.732 Octahedral 6 
0.732 to 1.00 Body centered cubic 8 


lonic Radius 


Ionic radius is the distance between two oppositely charged ions of the same element. A positive ion is always smaller 
than the corresponding atom, and the more the number of electrons removed (i.e., the greater the charge on the ion), 
the smaller the ion becomes. 


Atomic radius Na: 1.86 A Fe: 117A 
lonic radius Na’: 1.02 A Fe*: 0.780 A (high spin) Fe*: 0.645 A (high spin) 


When a negative ion is formed, one or more electrons are added to an atom, the effective nuclear charge is reduced 
and hence the electron cloud expands. Negative ions are bigger than the corresponding atoms. 


Covalent radius, Cl: 0.99 A Ionic radius, Cl: 1.84 A 


There are several problems in obtaining an accurate set of ionic radii, as a result of which ionic radii are not absolute 
constants but are approximations. The radius ratio principle is a useful guide, but it is only strictly applicable to ionic 
compounds. For example, in case of silicates which are partly covalent, the full charge separation to give Si* and 
O* does not occur, and empirical ‘effective ionic radii’ may be used instead of normal ionic radii. Similarly, though 
it is possible to measure the internuclear distances in a crystal very accurately by X-ray diffraction. For example, the 
distance between Na’ and F in Naf, there is no universally accepted formula for apportioning this to the two ions. 
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Historically, several different sets of ionic radii have been estimated. These are all calculated from observed internu- 
clear distances, but differ in the method used to split the distance between the ions. In measurement of ionic radii, the 


following need to be taken care: 


1. Corrections to these radii are necessary if the charge on the ion is changed. 


2. Corrections must also be made for the coordination number and the geometry. 


3. The assumption that ions are spherical is probably true for ions from the s- and p-blocks with a noble gas configu- 
ration, but is probably untrue for transition metal ions with an incomplete d-shell. 


4. In some cases there is extensive delocalization of d-electrons, for example, in TiO where they give rise to metallic 
conduction, or in cluster compounds. This also changes the radii. 


Solved Example | 4-25 | 


Explain the term ionic radius ratio and its significance 
in case of ionic crystals. Calculate the ratio for the alkali 
metal bromides on the basis of the data given below and 
predict the form of the crystal structure in each case. Ionic 
radius (in pm) Li” = 74; Rb* = 148; Na® = 102; Cs* = 170; 
K* = 138; Br = 195. 


Solution 


If r'/r = 0.225, the cation would fit exactly into the tetra- 
hedral voids and have coordination number four. If r’/r = 
0.414, the cation would fit exactly into the octahedral 
voids and have coordination number six. 


For LiBr, = = a = 0.379 indicates fcc (Li* ions fill- 
r 


ing alternate tetrahedral voids) 


For NaBr, = = “= = 0.523 indicates fec (Na’ ions fill 
r 
all the octahedral voids) 
r_ 138 


For KBr, — = —— = 0.708 indicates fcc (K* ions fill 
r 195 


all the octahedral voids) 


For RbBr, a = = = 0.76 indicates bec (Rb‘* ions fill 
r 


the body cavity) 


For CsBr, = = = = 0.872 indicates bec (Cs* ions fill 
r 


the body cavity) 


Solved Example | 4-26 | 


The radius of Cs” is 169 pm and that of CI is 181 pm. Predict 
the structure of CsCl and the coordination number of Cs". 


Solution 


According to radius ratio rule, 


r(Cs*) 169 | 


= —" = 0,933 
(Cl) 181 


Since range of r*/r” > 0.732, the coordination number of 
Cs* is 8 and the structure of CsCl is body centered cubic 
(bec). 


Solved Example | 4-27 | 


Lithium iodide crystal has a face centered cubic unit cell. 
If the edge length of the unit cell is 620 pm, determine the 
ionic radius of I ion. 


Solution 


In fcc, face diagonal = 4r = (a+ a’)'” = (2)'" a. Therefore 
radius is 


r= (2)! x Fi =1.414x “ = 219.17 pm 
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Solved Example | 4-28 | 


If the radius of ions such as Me™, Cs*, O*, S* and Cl This means tetrahedral structure with coordination 
are 0.65, 1.69, 1.40, 1.84, and 1.81 A, respectively, calculate number 4. 


the coordination numbers of the cations in the crystals of For MgO, Tig /r,,. = 0.65/1.40 = 0.464. This means octa- 
MgS, MgO and CsCl. hedral structure with coordination number 6. 

For CsCl, 7... /r,. = 1.69/1.81 = 0.934. This means body 
Solution centered structure with coordination number 8. 


For MgsS, the radius ratio is 


Me = 0.65 
To 1.84 


se- 


Solved Example 4-29) 


The ionic radii of Na*, K* and Br are 137148 and 195 pm, For NaBr, ry,,/rg,- = 137/195 = 0.703, it lies in the range of 
respectively. What are the coordination numbers of 0.414 to 0.732, the geometry is octahedral and the coordi- 


= 0.353 


cations in KBr and NaBr structures? nation number is 6. 
For KBr, rgi/rg,- = 148/195 = 0.759, it lies in the range 0.732 
Solution to 1.0, the geometry is bec and the coordination number 
is 8. 


The r'/r ratio is found as follows, from which the geom- 
etry and coordination numbers can be predicted: 


4.9 | SIMPLE IONIC COMPOUNDS 


Metals have close packing structures of atoms and hence have high coordination numbers. Ionic solids, however, have 
lower coordination numbers and can be explained using close packed spheres of ions with the holes in these structures 
occupied by ions of another kind. 

The structures of many ionic solids can be visualized as a close packed arrangement of equivalent negatively 
charged anions (sometimes the cations) in the fcc or hcp lattices, with the positively charged cations occupying the 
octahedral and tetrahedral holes in these lattices. We shall look into the crystal structure of some ionic solids in the 
following subsections. 


Rock Salt (or NaCl) Type of Structure 


The structure of sodium chloride is based on an fcc arrange- 
ment of the larger chloride anions with the sodium cations 
occupying all the octahedral voids at the body center and 
edge centers in the fcc lattice. On the other hand, it could 
also be seen as an fcc packing of sodium ions, with the 
anions occupying the octahedral voids. 

Each of the ions is octahedrally surrounded by 
six counter ions, and so this structure is called 
(6,6)-coordination, that is, each Na‘ is surrounded by 
6 Cl and each CI by 6 Na’ (Fig. 4.45). 


@Nat* 
@cl 


Number of CI ions in each unit cell: 3 \ H 
There are 8 Cl at the 8 corners and 6 CI at 6 faces. So, ae : 
the total number of CTI ions is “oe 


(8x 1/8) + (6x 1/2) =14+3=4 Figure 4.45 Structure of NaCl. 
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Number of Na‘ ions in each unit cell: 
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There are 12 Na‘ at the edge centers and | Na’ at the body center. So, the total number of Na’ ions is 


12x (1/4)+1=3+1=4 


Total NaCl units in one unit cell: 4. 


4 


4x =n(n,. +15. ) 
Packing fraction = 3 
1 Lae ge ) 


In NaCl, for any anion (placed at the corner): 
1. Distance of nearest cation d= 5 


Number of nearest cations = 6 


} . a 
2. Distance of nearest anion d= a 


Number of nearest anions = 12 


V3 


3. Distance of second nearest cation d= cis (body center) 


Number of second nearest cations = 8 
4. Distance of second nearest anion d =a 
Number of second nearest anions = 6 


V5 


5. Distance of third nearest cation = d= ig 4 (edge center) 


Number of third nearest cations = 24 


6. Distance of third nearest anion d= a (center of opposite face) 


Number of second nearest anions = 24 


Other examples of compounds with the NaCl structure include alkali metal halides (except Cs), ammonium halides, 
silver halides (except silver iodide) and oxides and sulphides of alkaline earth metals (except BeS). 


Sphalerite or Zinc Blende (ZnS) Structure 


In this structure, there is an fcc packing of sulphide 
(S*) anions at the corners and face centers, and the 
zinc (Zn’*) cations are present in alternate tetrahedral 
voids. For each atom in the lattice there are two tetra- 
hedral holes; but according to the stoichiometry of the 
compound (i.e., same number of cations and anions) 
only half of them have to be occupied. 

The Zn™ cations are tetrahedrally surrounded by 
S* anions, and each S” anion is surrounded by eight tet- 
rahedral sites, of which half are occupied by Zn” ions, 
and hence the anions are also four-coordinated. The 
zinc blende structure, therefore, has (4,4)-coordination 
(Fig. 4.46). 


Zn?* ion surrounded 
tetrahedrally by 
four S?- ions 


S* ion surrounded 
tetrahedrally by 
: @ four Zn2* ions 


Figure 4.46 Structure of ZnS. 
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Number of S* ions per unit cell: 4. 
There are 8 S* at the corners and 6 S* at the faces. So, the total number of S* per unit cell is 
8x (1/8)+6x (1/2) =14+3=4 


Number of Zn” ions per unit cell: 4. 
Since Zn ions occupy only half of the available tetrahedral sites, the number of Zn™ ions per unit cell will be 4. 


Total number of ZnS per unit cell: 4. 


Packing fraction = 


Other examples of compounds with zinc blende structure include: CuCl, CuBr, Cul, AgI, BeS. 


Fluorite Structure (CaF,) 


In this structure, the calcium cations form an fcc lattice, 
with Ca’ ions at the corners and the face centers, and 
the fluoride F anions occupy all of the tetrahedral voids. 
For each atom in the fcc array, there are two tetrahedral 
holes and according to the stoichiometry of the com- 
pound both the tetrahedral holes need to be occupied. 
Thus each F anion is tetrahedrally surrounded by 4 
Ca* ions, and each Ca™ cation is surrounded by 8 Fat 
tetrahedral sites, all of which are occupied. Hence, the 
cations are eight-coordinated. So the fluorite structure 
has (8,4)-coordination (Fig. 4.47). This structure is one of 
the most common types found in nature. 


O Ca2t 


Figure 4.47 CaF, structure. 


4x a(n. +2xr2 J 
Packing fraction = 2 7 
3 
—=(r.. tr 
3 fy es F ) 
3a _ 
“fe +7 


Other examples of compounds with fluorite structure: BaF,, BaCl,, SrF,, SrC, etc. 


Caesium Chloride (CsCl) Type of Structure 


This type of structure is formed when the anion and cation have similar sizes. This is based on a simple cubic lattice 
of anions with one ion at each of the corners. The cations are located at the center of the anionic cube. The structure 
can also be considered as a simple cubic array of cations with the anions at the center of the cube. It is an interleaved 
simple cubic lattice of cations and anions. 

Each Cs* ion is surrounded by 8 Cl ions and each CI ion is surrounded by 8 Cs” ions. Therefore, the crystal has 
(8,8)-coordination (Fig. 4.48). With 8 Cl ions at corners contributing one Cl and one Cs" ion in the body center con- 
tributing one Cs‘, it has one CsCl per unit cell. 
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Cs* ion surrounded by CI- ion surrounded by 
8 CI ions Cs* ions 
A 


One unit cell Eight unit cells 


Figure 4.48 Structure of CsCl. 


Packing fraction = 


34/3 (%,,. = Tor y 
V3a = 2(r oo Tee) 


Other examples of compounds with caesium chloride type structure 
include: CsBr, CsI, CsCN, TiCl, TiBr, TiCN, etc. 


Perovskite Structure @. 
This structure is adopted by many compounds of the formula ABX,. O B 
In this structure, there is a simple cubic arrangement of B atoms (Ti), 

with the A atoms (Ca) located at the body center of the cube and the X O * 


atoms (O) at the center of the 12 edges of the simple cube. 
Thus, the central A ion is surrounded by 12 X ions; the B ion by 6 X 
ions; and the X ion is linearly coordinated by 2 B ions (Fig. 4.49). 
Examples of compounds with Perovskite structure: NaNbO,, 
BaTiO,, CaZrO,, YAIO,, KMeF,, etc. 


Figure 4.49 Perovskite (ABX,) structure. 
Antifluorite Structure (Na,O) 


The antifluorite structure has the positions of the cations and anions 
exchanged compared to the fluorite structure, that is, the O* anions 
adopt a face centered cubic arrangement with Na’ cations in the tet- 
rahedral intersticies. 

The ideal antifluorite would have a cation-to-anion radius ratio 
of 0.228. However, the ideal ratio is not observed in the antifluorite 
structure, the observed ratio is higher than the ideal. Each O% is sur- 
rounded by 8 Na* ions. Each Na‘ by 4 O7 ions. Na,O has (4,8)-coor- 
dination (Fig. 4.50). Number of Na,O per unit cell is 4. 


4x =m(2r,. + ie: ) 


64 4 
Cr . To ) 


33 
V3a_ 
“4 


= Nat + Tor 


Packing fraction = Figure 4.50 Structure of Na,O. 
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Antifluorite structure is more commonly found in covalent solids. The alkali metal oxides M,O (M = Li, Na, K, Rb) 
crystallize in the antifluorite structure. 


Structure of Diamond 


In diamond, carbon atoms occupy half of tetrahedral voids and occupy fcc sites (Fig. 3.51) 
Number of atoms/unit cell = 8 


Tetrahedral 
voids 


fcc sites 


Figure 4.51 Structure of diamond. 


The structure of diamond is identical to zinc blende (ZnS) structure, therefore 


3a 
a, = 2% 


Corundum Structure 


The general formula for corundum structure is A,O;. Some examples of compounds with this structure are: Fe,O,, 
ALO,, Cr,O3. 
Location of O* ions = form hep 


Location of A* ions = ; of octahedral voids 
Since O* ions form hcp, therefore 

Zar OF O* =6 

Number of tetrahedral voids = 6 x 2 = 12 
Number of octahedral voids = 6 x 1=6 


A. 4 
(mi. ra 4m2.) 


24V2(r,.)° 


Packing fraction = 


(as volume of hcp = 24V2r’) 
Therefore, = of (6) = 4 = Number of A* ions 


Thus the simplest formula = A,O, =A,O, 


Rutile Structure 


In rutile structure, each Ti* is octahedrally surrounded by 6 O* ions, whereas each O” ion is surrounded by only 3 Ti* 
ions. These three Ti*ions are arranged in the three corners of a triangle (Fig. 4.52). Therefore, 
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Coordination number of Ti* = 6 
Coordination number of O* = 3 


eo 
@i 


Figure 4.52 Rutile structure. 


Note: For a salt A,B,, 


the ratio of coordination numbers is y: x. Therefore, formula of rutile is Ti,0, = TiO, 


Spinel Structure 


In normal spinel structure of general formula AB,O,, O* ions are cubic-closed packed, whereas 1/8th of the tetra- 
hedral holes are occupied by A™ cations and 1/2 of the octahedral holes are occupied by cations B**. For example, 
MgALO,, ZnFe,O,, etc. 


Inverse Spinel Structure 


General formula = A**(B*),(O”), 
Location of O* = fcc = 4/unit cell 


Location of A* = = (tetrahedral void) = +6) = 1/unit cell 


Location of B* = - (tetrahedral void) + (octahedral void) 


ae 
8 
Thus, general formula is (A”), (B*), (O7), = AB,O, 


(8)+ 7(4) = 2/unit cell 


Structure of Oxides of Iron 
The structures of different oxides of iron are discussed as follows: 
1. In FeO 
Location of O* = cep 
Location of Fe** = All octahedral voids 
(However, actually the oxide is found to Fe,,,O and thus the crystals are Fe- deficient.) 
Number of O* =4 
Number of Fe** = number of octahedral voids = 4 
Therefore, simplest formula is Fej*O77 = FeO 
2. In red brown oa Fe,O, 
Location of O* = hcp 


Location of Fe** = ; octahedral voids 


Number of O7 = 6 
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Number of Fe** = =(6) =-4 


Therefore, simplest formula is Fe;*Oz = Fe,O,; 


Note: This can also be viewed as if Fe™* ions in FeO are replaced by Fe* ions. To maintain electrical neutrality, 
every three ions of Fe™ are to be replaced by two ions of Fe* 


3. In y- Fe,O, (on oxidation of a@-Fe,O,) 

Location of O* = ccp 

Location of Fe** = randomly distributed in both tetrahedral and octahedral voids. 
4. Fe,O, or Magnetite (on heating Fe,O, at 1400 °C) 


Fe,O, = Fe” (Fe**),O, = Inverse spinel structure 
Location of O* = fcc = 4 unit/cell 
Location of Fe** = = (tetrahedral voids) 


7 x (8) = 1 /unit cell 


ocation of Fe°* = —(tetrahedral voids) + — (octahedral voids 
Locati [Fe == hedral void . hedral void 


1 1 
= —(8)+—(4) = 2/unit cell 
(8)+7(4) 


Therefore, simplest structure is Fe;* Fe}*(O* ), = Fe,O, 


Solved Example | 4-30 | 


3 
KCI crystallizes in the same type of lattice as does NaCl The relation for CsF is “2 YN —— nie 
and CsF in the CsCl type of structure, The molar mass 4 Pr 
of CsF is twice that of KCI and the a value for KCl is 1.5 Ty eicine tee nurs aa ceapiceeicmk Wee a - 2 Pr 
times that of CsF. Calculate the ratio of the density of CsF 8 P WEE 4a; i) p, 
Peo Now, a, = 1.5a,, so we have 
Solution 3 3 3 
>) = = sxe — C2) x2 = 1.69 

3 X a; Pp, Pp, 

The relation for KCl is a xN, = diel : 
Pp 


Solved Example 4-311 | 


If silver iodide crystallizes in a zinc blende structure with Solution 
T ions forming the lattice, then calculate fraction of the 


icainedvaliveidsoccunied by Ap ions As I ions form the lattice, so the number of tetrahedral 


voids = 2 N. Since there are N Ag” ions present to occupy 
these voids. So, the fraction of tetrahedral voids occupied 
by Ag’ ions = N/2N=50%. 
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Solved Example | 4-32 | 


Each rubidium halide crystallizing in the NaCl type lattice 
has a unit cell length 30 pm greater than for correspond- 
ing potassium salt (7,, = 133 pm) of the same halogen. 
What is the ionic radius of Rb”? 


Solution 


For NaCl type crystal (fcc), r = a/2(2)'”. Now, given that 
A, = 30+4,, and r =133 ppm. 


Now, we know that KCl also crystallizes in fec struc- 
ture, hence 


a. 
re. = a5 => 4,. =r, X2V2 =133x2V2 = 376.181 pm 


= 30+4,, = 30+ 376.181 = 406.181 pm 


Now, Wie 


_ 406.181 
yea 


Therefore, r.., = AR’ r 
2/2 Rb* 


> “Rb* 


= 146.63 pm 


Solved Example | 4-33 | 


In spinel structure, O* ions are cubic-closed packed, 
whereas 1/8th of the tetrahedral holes are occupied by 
A” cations and 1/2 of the octahedral holes are occu- 
pied by cations B*. What is the general formula of this 


The number of octahedral voids is N. 

Then A™ occupies one-eighth of tetrahedral voids which 
means 1/8 x 2N = (1/4)N 

B* occupies half of octahedral voids which means (1/2) 


x N=N/2 
Therefore, the formula becomes 1/4N:1/2N:N = AB,O, 


compound? 


Solution 


Let the number of ions be N. 
Then number of tetrahedral voids is 2N. 


Effect of Temperature/Pressure on Crystal Structure 


There is a possibility that a given metal may exist in more than one crystal structures. In general, at higher tempera- 
tures bcc structure is preferred due to higher entropy. For example, a number of alkali metals exist in bec form at room 
temperature. Another example is 


High pressure 
750K 


NaCl type 


Coordination (6:6) 


CsCl type 


Coordination (s:8t 


Similarly, Fe is in bcc form at room temperature and changes to fcc at 910°C. At higher temperature (1400 °C), it 
changes to bcc again. 


4.10 | X-RAY DIFFRACTION USED TO STUDY CRYSTAL STRUCTURES 
(BRAGG’S LAW) 


The observation of the phenomenon of constructive wave interference of X-rays commonly known as X-ray diffrac- 
tion (XRD) was a direct evidence for the periodic atomic structure of crystals. The internal structure of the crystals in 
terms of the positional arrangement of atoms/ions and their interatomic spacing are best elucidated using X-rays. In 
1913, William Lawrence Bragg and his father William Henry Bragg observed that crystalline solids reflect X-rays and 
produce intense peaks of specific patterns. The Braggs were awarded the Nobel Prize in physics in 1915 for their work 
in determining crystal structures of crystals such as NaCl, ZnS and diamond. Their work has resulted in establishing a 
relation between the wavelength of the X-rays (which is of the same order as interatomic distances, viz., 10cm) and 
the spacing between the lattice planes. 

When a crystal is bombarded with X-rays at a certain incident angle, the crystal acts as diffraction grating and 
produces an intense reflected beam. This occurs when the diffracted beam leaves the crystal at an angle equal to that 
of incidence and the wavelengths of the scattered X-rays interfere constructively. In order for the waves to interfere 
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constructively, the differences in the travel path must be equal to integral multiples of the wavelength. The experimen- 
tal setup for Bragg’s experiment is shown in Fig. 4.53: 


- 2. 
’ : 
. _* 
a 
¢ er . ~ 
. ' Lk 
¢ ; . 
qd 1 
v4 ns 
ee a? " 
. »’ re 2 
Lead screen og, | 
Photographic plate 


(a) (b) 
Figure 4.53 Experimental setup for X-ray diffraction study. 


Diffraction of X-rays by the crystal for constructive interference can be explained as follows: 
A crystal can be considered as being made up of parallel equidistant 
atomic planes, represented by lines AB, CD and EF as shown in Fig. 4.54. 
Two beams (Y and Z) of the X-ray which are in phase, fall on the 
surface of the crystal. Suppose ray Y gets reflected from atoms in the first 
lattice plane AB and ray Z is reflected from the second layer of atoms on 
plane CD. Then the rays Y and Z will be in phase after reflection only if 
the difference in distance travelled by the two rays (QR + RS) equals an 
integral number of wavelength (7A), for constructive interference. 


That is to say that QOR+RS=nd (4.8) : : 
From the figure, OR = RS=PRsin@ (4.9) Figure 4.54 X-ray diffraction by a 
crystal. 
Therefore, QR+RS =2 PRsin@ 
If the distance between the successive atomic planes is d, then, 
PR=d (4.10) 
So, from Eqs. (4.8)-(4.10), nd = 2dsin@ (4.11) 


This is Bragg’s equation or the law relating wavelength of the incident X-ray, the distance between the atomic layers 
and the angle of diffraction; where n is an integer (1, 2,3, 4, ...) representing the serial order of diffracted beams. 

Bragg’s equation can be used to calculate the distances between repeating planes of the particles in a crystal. 
Similarly, if interplanar distances are given, the corresponding wavelengths of the incident X-ray beam can be calcu- 
lated. A given unknown crystal is expected to have many planes of atoms in its structure; therefore, the collection of 
“reflections” of all the planes can be used to identify an unknown crystal. 

Although Bragg’s law uses the interference pattern of X-rays scattered by crystals, diffraction using any beam, 
like ions, electrons, neutrons and protons, with a wavelength similar to the interatomic or intermolecular distance in 
structures can be used to study the structure of all states of matter. 


Miller Indices for Crystallographic Planes in Cubic Unit Cells 


The Miller indices are conventions used to specify directions and planes in a crystal plane. These are defined as the 
reciprocal of the fractional intercepts, which the plane makes with the crystallographic x-, y- and z-axes of the three 
non-parallel edges of the cubic unit cell. The procedure for determining the Miller indices involves the following steps: 
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1. Choose a plane that does not pass through the origin (0, 0, 0). 


2. Determine the intercepts of the plane in terms of the crystallographic x-, y- and z-axes for a unit cube. These inter- 
cepts may be fractions. 


3. Find the reciprocals of these intercepts. 


4. Clear the fractions and determine the smallest set of whole numbers which are in the same ratio as the intercepts. 
These whole numbers are the Miller indices of crystallographic planes and are enclosed in parentheses without 
using comma. The notation (hk/) is used to indicate Miller indices, where h, k and / are Miller indices of cubic 
crystal plane for x-, y- and z-axes. 


For simple cubic crystals, the lattice vectors are orthogonal and of equal length, denoted by lattice constant a. For these 
structures, the spacing between adjacent (hk!) lattice planes is given by 


a 


= 
Uh +e +P 


(4.12) 


For example, consider the Miller indices for: 


1. Simple cubic structure as shown in Fig. 4.55. 


Aig = 


<a> 


io9 = a 


Figure 4.55 Miller indices in simple cubic structure. 


2. Face centered cubic structure as shown in Fig. 4.56. 


a 
a4, = — 


V3 


Figure 4.56 Miller indices in face centered cubic structure. 
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Solved Example | 4-34 | 


What are the Miller indices of a plane with intercepts 
0.5a, 0.255 and 1.5c? 


Solution 


Miller indices are found as 


f : t ge Sede 619d = Behe. 
0.5 0.25 1.5 3 


Solved Example | 4-35 | 


X-rays of wavelength 0.154 nm striking an aluminium 
crystal, get reflected at an angle 19.3° showing first-order 
diffraction. Calculate the spacing between the plane of 
aluminium atoms in pm. 


Solution 


According to Bragg’s equation, nA = 2dsin@ where n is 
order of reflection, A is wavelength, @ is angle of reflec- 
tion. Given that n= 1,2=0.154 nm = 154 pm and 6 = 19.3°. 
Therefore, 


na 1x154 


je 7 154 
~ 2sin@ 2sin19.3° 


= =177pm 
2x 0.435 


Solved Example | 4-36 | 


At what glancing angle would the first-order diffraction 
occur, when copper radiation (A = 154 pm) interacts with 
lattice planes that are 154 pm apart. 


Solution 


According to Bragg’s law, nA =2dsin@. Given that 
n=1,d=154 pm, A= 154 pm. Therefore, 


1x154=2x154sin@ 
or sin@ =0.5=> 0 = 30° 


Solved Example | 4-37 | 


X-ray diffraction measurements reveal that copper crys- 
tallizes with a face centered cubic lattice in which the unit 
cell length is 3.62 A. What is the radius of a copper atom 
expressed in angstroms and in picometers? 


Solution 


In Fig. 4.57, we see that copper atoms are in contact along 
a diagonal (the dashed line below) that runs from one 
corner of a face to another corner. 


There are four copper 
radii along the dashed 
line. 


Figure 4.57 


From geometry, the length of the diagonal is /2 times the 
length of the edge of the unit cell. 


Diagonal = V2 x (3.62 A) = 512A 


If we call the radius of the copper atom 7r;,,, then the diag- 
onal equals 4 x r,,,. Therefore, 


4x1, =5.12A > rg, = 128A 


The calculated radius of the copper atom is 1.28 A. Next 
we convert this to picometers. 


1x10" 1 


1.28x x 
1 1x10 


= 128 pm 
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Solved Example | 4-38 | 


Copper metal crystallizes with fcc structure. The density 
of the crystal 2698 kg m™ and mass is 26.98 kg. X-rays of 
wavelength 0.1537 nm are diffracted by the crystal and 
the Bragg’s angle is 19.2°. Identify the crystal plane (in 
terms or its Miller indices) which caused this diffraction. 


Now, 4=2dsin@. Substituting values, we get 0.1537 = 
2d sin19.2° 


d= ae. = 0.2336 nm 


~ 2x 0.3289 


Solution This is the distance between the planes in the crystals, 

Mass causing diffraction 

Density = ———— 
Volume 7 ya 

Substituting values, we get am Vie +k +P 

26.98 x 4 

2098 = 7 x6.023X107 Therefore, Vi? +k? +P = 4 = 29086 _ 4 739 
26.984 dig 9.2336 
@ = 2, p24P 2 
2698 x 6.023 x 10” or h’+k° +P =(1.732)° =3 
= 6.6412 x10 m° 

Ot a2405%10° im Hence, the crystal plane (111) is causing diffraction. 


4.11 | DEFECTS IN CRYSTALS 


Defect refers to a disruption in the periodic order of a crystalline material. These occur in crystals because they lower 
the energy of a crystal to make it more thermodynamically stable. Defects are also known as imperfections in solids 
and are classified on the basis of the irregularity in arrangement of electrons as electronic imperfections; based on 
geometry as atomic imperfections; and based on the ratio of anions and cations as stoichiometric defects. 

The atomic imperfections in solids are further classified as follows: 


1. Point defects: In these defects, also known as zero-dimensional point defects, there are points where an atom 
is missing or is irregularly placed in the lattice structure. These include vacancy, interstitial and substitutional 
atoms. 


(a) Vacancy: A vacant lattice position in which the atom is missing. It is created when a solid is formed. 


(b) Interstitial: This defect occurs when an atom occupies a position other than its normal lattice position. The atom 
in the interstitial may be of the same type as the other atoms of the crystal (self-interstitial) or an impurity 
atom. Interstitial impurity atoms are much smaller than the atoms in the host matrix and fit into the open space 
between the host atoms of the lattice structure. One example of interstitial impurity is carbon added to iron to 
make steel. Carbon atoms (radius of 0.071 nm) fit nicely in the spaces between the larger (0.124 nm) iron atoms. 


(c) Substitutional: A substitutional impurity is an atom of a different type than the host lattice atom, which 
replaces one of the bulk atoms in the lattice. Size of these atoms is generally closer to the host atom. One 
example of substitution impurity is presence of zinc atoms in brass, where zinc atoms (radius of 0.133 nm) 
replace some of the copper atoms (radius of 0.128 nm). 


2. Line defects: These defects, also known as single dimensional or linear defects, are groups of atoms in irregular 
positions. Linear defects are commonly called dislocations. 


The number and type of defects in a crystal can be varied and controlled. Defects may be desirable or undesirable and 
they have a profound effect on material properties. Defects are studied using optical microscopy, scanning electron 
microscopy, transmission electron microscopy, X-ray diffraction, etc. 


Types of Point Defects 


Point defects are imperfect point-like regions in the crystal. Their typical size is about 1-2 atomic diameters. These 
defects could be due to vacancies and interstitials and include lattice vacancies, self-interstitial atoms, substitution 
impurity atoms and interstitial impurity atoms. Due to the presence of both vacancies and interstitial types of defects, 
there is a change in the coordination and hence an imbalance in the forces around the atoms of defect as compared to 


other atoms in the solid. This results, indistardgn of the lattice POR RSL DF Gefect Fig. 4.58). 
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Based on their nature, these are classified into three types: stoichiometric QOOOOOCOOCOOC0OO 


oe) 
defects, impurity defects and non-stoichiometric defects. OOPOOOQDOOBOO 
OODOOOQOOOOOO 
1. Stoichiometric defects: Stoichiometric compounds are those where the num- OQOQMOOOQOOOMOO 


bers of the different types of atoms or ions present are exactly in the ratios Vacancy Interstitial Substitutional 
indicated by their chemical formulae. At one time these were called Daltonide atom atom 
compounds, in contrast to Berthollide or non-stoichiometric compounds _ 

where the chemical composition of a compound was variable, not constant. Figure 4.58 Three types of 
They obey the law of constant composition that the same chemical compound — PO!'nt defects. 

always contains the same elements in the same composition by weight. 

At absolute zero, crystals tend to have a perfectly ordered arrangement. As the temperature increases, the 
amount of thermal vibration of ions in their lattice sites increases, and if the vibration of a particular ion becomes 
large enough, it may jump out of its lattice site. This constitutes a point defect. The higher the temperature, the 
greater the chance that lattice sites may be unoccupied. Since the number of defects depends on the temperature, 
they are sometimes called thermodynamic defects. 


The following two defects can be shown by non-ionic solids. 


(a) Vacancy defects: These result when some of the lattice sites in the crystal are vacant. These defects develop 
during formation of crystals or when the substance is heated. Since the number of particles per unit area is 
reduced, the density of the solid decreases as a result of vacancy defect. 


(b) Interstitial defects: These arise when some constituent particles (atoms or molecules) occupy interstitial sites 
in the crystal. Since the number of particles per unit area is more than in a regular crystal, the density of the 
solid increases as a result of interstitial defect. 


In ionic crystals, point defects must satisfy the condition of charge neutrality. There are two possibilities for 
intrinsic point defects in ionic solids. Two types of defects observed in stoichiometric ionic compounds are called 
Frenkel and Schottky defects. A consequence of these defects is that a crystalline solid that has defects may con- 
duct electricity to a small extent. Electrical conductivity in a chemically pure, stoichiometric semiconductor is 
called “intrinsic semiconduction”? In the above cases, intrinsic semiconduction occurs by an ionic mechanism. If 
an ion moves from its lattice site to occupy a “hole’it creates a new “hole” If the process is repeated many times, a 
“hole” may migrate across a crystal, which is equivalent to moving a charge in the opposite direction. The density 
of a defect lattice should be different from that of a perfect lattice. The presence of “holes” should lower the den- 
sity, but if there are too many “holes” there may be a partial collapse or distortion of the lattice —in which case the 
change in density is unpredictable. The presence of ions in interstitial positions may distort (expand) the lattice 
and increase the unit cell dimensions. 


(a) Frenkel defect: When an ion is displaced from its regular position to an interstitial position, it creates a vacancy; 
this pair of vacancy-interstitial is called Frenkel defect. This defect consists of a vacant lattice site (a “hole”), and 
the ion which ideally should have occupied the site now occupies an interstitial position [see Fig. 4.59(a)]. 

Metal ions are generally smaller than the anions. Thus it is easier to squeeze A’ into alternative interstitial 
positions, and consequently it is more common to find the positive ions occupying interstitial positions. This 
type of defect is favored by a large difference in size between the positive and negative ions, and consequently 
the coordination number is usually low (4 or 6). Examples of this type of defect are ZnS, AgCl, AgBr and Agl. 
This defect is also known as dislocation defect and does not result in any change in density of the substance. 

The number of defects formed is relatively small, and at room temperature NaCl has only one defect in 
10” lattice sites, this value rising to one in 10° sites at 500°C and one in 10° sites at 800°C. 

Number of Frankel defects can be determined as 


where n=number of Frenkel defects 
N = number of ions in the ionic crystal 
N, = number of interstitial sites 


E = Energy required to create n Frenkel defects 
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T = Temperature 
k = Boltzmann constant 


Note: The fraction of the surface of crystal vacancies is given by 


Figure 4.59 (a) Frenkel defect. (b) Schottky defect. 


(b) Schottky defect: When a pair of one cation and one anion of equal valence is missing from an ionic crystal, the 
condition of charge neutrality is still maintained. The pair of vacant sites, thus formed, is called Schottky defect 
[Fig. 4.59(b)]. These ion—pair vacancies decrease density of the solid and facilitate atomic diffusion. This type 
of defect is shown by highly ionic compounds, which have high coordination number and small difference in 
the sizes of cations and anions. Some ionic compounds exhibiting Schottky defect are NaCl, KCI, KBr, AgBr 
and CsCl. Some compounds like AgBr show both Frenkel and Schottky defects. 


Number of Schottky defects can be determined as 
n= N e@ El2kT 
where n= Number of Schottky defects 
N= Number of ions in the ionic crystal 
E = Energy required to create these Schottky defects 
T = Temperature 


k = Boltzmann constant = = = 1.38x10"7JK" 
A 


2. Impurity defects: Defects in ionic crystals can be introduced by adding impurities in 
which the ions are in different valence state than the constituent ions of the crystal. 
For example, if small amounts of calcium chloride (CaCl,) are added to sodium chlo- 
ride (NaCl), some Ca” ions replace Na*ions and occupy the sites earlier occupied by 
Na’. Then in order to maintain the electrical neutrality of the crystal, one Na* leaves 
the lattice, thus effectively each Ca™ replaces two Na’ ions. A cation vacancy is thus 
generated in the lattice, which is equal to the number of Ca™ ions added. The crystal 
lattice so obtained is a solid solution of NaCl and CaCl, (Fig. 4.60). 


3. Non-stoichiometric defects: In non-stoichiometric or Berthollide compounds, the 
ratio of the number of atoms of one kind to the number of atoms of the other kind 
does not correspond exactly to the ideal whole number ratio implied by the formula. 
Such compounds do not obey the law of constant compositions. There are many 
examples of these compounds, particularly in the oxides and sulphides of the transi- 
tion elements. Thus, in FeO, FeS or CuS the ratio of Fe:O, Fe:S or Cu:S differs from 


Figure 4.60 Impurity 
defect. 
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that indicated by the ideal chemical formula. If the ratio of atoms is not exactly 1:1 in the above cases, there must 
be either an excess of metal ions, or a deficiency of metal ions (e.g., Fey .,O0—Fe, 4,0, Fe.S). Electrical neutrality 
is maintained either by having extra electrons in the structure, or changing the charge on some of the metal ions. 
This makes the structure irregular in some way, that is, it contains defects, which are in addition to the normal 
thermodynamic defects already discussed. These defects are mainly of two types—(a) metal excess defect and (b) 
metal deficient defect. 


(a) Metal excess defect: Crystals with metal excess defect contain free electrons, and if these migrate they con- 
duct an electric current. Since there are only a small number of defects, there are only a few free electrons 
that can conduct electricity. Thus the amount of current carried is very small compared with that in metals, 
fused salts or salts in aqueous solutions. Materials with these defects are called semiconductors. Since the 
mechanism is normal electron conduction, these are called n-type semiconductors. These free electrons may 
be excited to higher energy levels giving absorption spectra, and in consequence their compounds are often 
colored, example, non-stoichiometric form of NaCl is yellow, that of KCl is lilac, and of ZnO is white when 
cold but yellow when hot. 

This may occur in two different ways: 


e Metal excess defect due to anionic vacancies: In these defects, a negative ion may be absent from its 
lattice site, leaving a “hole” which is occupied by an electron, thereby maintaining the electrical balance 
[(see Fig. 4.61(a)]. This is rather similar to a Schottky defect in that there are ‘holes’ and not interstitial 
ions, but only one ‘hole’ is formed rather than a pair. This type of defect is formed by crystals which would 
be expected to form Schottky defects. When compounds such as NaCl, KCl, LiH or 6-TiO are heated with 
excess of their constituent metal vapors, or treated with high energy radiation, they become deficient in 
the negative ions, and their formulae may be represented by AX,_; where 6 is a small fraction. The non- 
stoichiometric form of NaCl is yellow, and that of KCI is blue—lilac in color. Note the similarity with the 
flame colorations for Na and K. 


Figure 4.61 Metal excess defects because of (a) absent anion, (b) interstitial cations. 


The crystal lattice has vacant anion sites, which are occupied by electrons. Anion sites occupied by elec- 
trons in this way are called F-centers. (F is an abbreviation for Farbe, the German word for color.) These 
F-centers are associated with the color of the compound and the more F-centers present, the greater the 
intensity of the coloration. Solids containing F-centers are paramagnetic, because the electrons occupying 
the vacant sites are unpaired. 

e Metal excess defect due to the presence of extra cations in the interstitial sites: Metal excess defects also 
occur when an extra positive ion occupies an interstitial position in the lattice, and electrical neutrality is 
maintained by the inclusion of an interstitial electron [see Fig. 4.61(b)]. Their composition may be repre- 
sented by the general formula A, , ; X. 

This type of defect is rather like a Frenkel defect in which ions occupy interstitial positions, but there 
are no “holes” and there are also interstitial electrons. This kind of metal excess defect is much more com- 
mon than the first, and is formed in crystals which would be expected to form Frenkel defects (i.e., the ions 
are appreciably different in size, have a low coordination number, and have some covalent character). For 
example, ZnO, CdO, Fe,O, and Cr,O; 

(b) Metal deficiency defect: Metal-deficient compounds may be represented by the general formula A, _;X. 
Crystals with metal deficiency defects are semiconductors. Suppose the lattice contains A* and A* metal ions. 
If an electron ‘jumps’ from an A*ion to the positive center (an A* ion), the original A* becomes a new posi- 
tive center. There has been an apparent movement of A™*. With a series of similar ‘hops’, an electron may be 
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transferred in one direction across the structure, and at the same time the positive hole migrates in the oppo- 

site direction across the structure. This is called positive hole, or p-type semiconduction. In principle, metal 

deficiency can occur in two ways. Both the ways require the metal to exhibit variable valence, which is mainly 
shown by transition metals. 

e Positive ions absent: If a positive ion is absent from its lattice site, the charges can be balanced by an adja- 
cent metal ion having an extra positive charge [see Fig. 4.62(a)]. Examples of this are FeO, NiO, 6-TiO, FeS 
and Cul. (If an Fe~ is missing from its lattice site in FeO, then there must be two Fe* ions somewhere in the 
lattice to balance the electrical charges. Similarly, if a Ni* is missing from its lattice site in NiO, there must 


be two Ni* present in the lattice.) 

© 6,0 © 
66060 
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Figure 4.62 Metal deficiency caused by (a) missing positive ion and (b) interstitial negative ions. 


(a) (b) 


Extra interstitial negative ions: In principle it might be possible to have an extra negative ion in an 
interstitial position and to balance the charges by means of an extra charge on an adjacent metal ion [see 
Fig. 4.62(b)]. However, since negative ions are usually large, it would be difficult to fit them into interstitial 
positions. No examples of crystals containing such negative interstitial ions are known at present. 


Solved Example | 4-39 | 


The crystal AB (rock salt structure) has molecular weight ee M 
6.023y amu where y is an arbitrary number in amu. If the ie a’xN, 


1/3 
(4x 6.023x 10° y kg mol ') 


minimum distance between cation and anion is y~ nm 
and the observed density is 20 kg m™. Find the (a) density = 


in kg m® and (b) type of defect. (IIT-JEE 2004) (2x y'"* x10 m)* x6.023x 10" mol” 
=5kgm° 
Solution 
; ; (b) As the observed density > calculated density, it means 
(a) The edge length of unit cell, a= 2x y'*nm. Given that some impurity or extra metal ion is present in 
that M = 6.023y g mol = 6.023y x 10° g mol". interstitial sites. Hence, the defect is interstitial defect 
For rock salt structure, z = 4. Therefore, density is or metal excess defect. 
Solved Example | 4-40 | 
An element crystallizes in fcc lattice having edge length For octahedral voids, r,/r, = 0.414 (radius ratio for 
400 pm. Calculate the maximum diameter of atom which coordination number 6) 
can placed in interstitial site without distorting the struc- For tetrahedral voids, r,/r, = 0.225 (radius ratio for 
ture. (IIT-JEE 2005) coordination number 4) 
where r, is the radius of atom in interstitial sites and r, is 
Solution the radius of atom arranged in fcc. 
In face centered cubic arrangement (fcc), the interstitial 4r,= 2a 


sites will be octahedral and tetrahedral voids. 
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Diameter = 2r, = 2(0.414 7) 
_ 2x0.414 x 400 


2/2 


=117.1 pm 


Solved Example 4-41 | 


Analysis shows that nickel oxide has the formula Ni) 4, 
Ojo. What fractions of the nickel exist as Ni* and 


Ni* ions? 


Solution 


From the valence numbers, it is clear that three Ni’ are 
equivalent to two Ni*™ ions. So, three Ni* ions would be 
replaced by two Ni™ ions. In other words, when two Ni* 
ions replace three Ni* ions, then there is a net loss of Ni* 
ions from the formula. 

The total loss of Ni from one molecule of NiO = 
(1 — 0.98) = 0.02 


Therefore, the total Ni* ions present in one molecule O 
of NiO =2 x 2.02 = 0.04 

The total number of Ni* and Ni* ions in one molecule of 
NiO = 0.98 

So, out of 0.98 atoms of Ni, only 0.04 atoms are present as 
Ni**. Therefore, 


0.04 
Percentage of Nias Ni* = ie 100 = 4.1% 


Thus, 4.1% of the total Ni in Ni,,,O is present as Ni™. 
Hence, the percentage of Ni present as Ni*~ 100 — 4.1 = 
95.9%. 


Solved Example 4-42 | 


If NaCl is doped with 10° mol% of SrCl,, what is the con- 
centration of cation vacancies? 


Solution 


For every Sr™ ion introduced in NaCl crystal, two Na* 
ions are removed to maintain electrical neutrality. One 
lattice site occupied by Sr* ion and the other remains 
vacant. Hence a cationic vacancy is created in NaCl by 


doping with SrCl,. Since by the addition of one Sr ion, 
one cationic vacancy is created, therefore by the addi- 
tion of 10° mol of Sr* ion 10° mol% of cationic vacancy 
will be created. Hence 1 mol% of a substance contains 
6.023 x 10° atoms/molecules/ions/vacancies. 


Therefore, 10° mol% of cationic vacancy = 
23, -3 
6.023 x 10™ x 10 ~ 6.023«10"8 
100 


4.12 | ELECTRICAL PROPERTIES OF SOLIDS 


Solids may be classified in terms of their conductivity as conductors, insulators or semiconductors. 


1. Conductors: These are solids with conductivities ranging from 10* to 10’ ohm™'m'. Metals are good conductors 


and have conductivity in the range 10’ ohm™“‘'m"". 


2. Insulators: These are solids with very low conductivity, generally in the range 10 to 10°” ohm™m'. Non-metals 


and substances like rubber and wood are insulators. 


3. Semiconductors: These are solids with conductivity that is intermediate between conductors and insulators and 
lies in the range 10° to 10* ohm™'m"'. Germanium and silicon are examples of semiconductors. 


Conduction of Electricity in Metals 


counts 


The mobile electrons account for the high thermal and electrical conduction of metals. If one end of a piece of metal is 
heated, electrons at that end gain energy and move to an unoccupied molecular orbital where they can travel rapidly 
to any other part of the metal, which in turn becomes hot. In an analogous manner, electrical conduction takes place 
through a minor disturbance in energy promoting an electron to an unfilled level, where it can move readily. In the 
absence of an electric field, equal numbers of electrons will move in all directions. If a positive electrode is placed at 
one end, and a negative electrode at the other, then electrons will move towards the anode much more readily than in 
the opposite direction; hence an electric current flows. 


https://telegram.me/unacademyplusdiscounts 


Telegram @unacademyplusdiscounts 


Chapter 4 | Solid State 


Metals conduct electricity in solid as well as molten state and the conductivity is related to the number of valence 
electrons and can be explained using the band theory. According to the band theory: 


1. Atomic orbitals of the metal atoms form molecular orbitals that are so closely spaced that instead of having dis- 
crete energies, the available energy states form bands. 


2. The essential criteria for any solid to conduct are the presence of electrons in conduction band and the gap 
between the valence and conduction band. 


3. In metals, the valence band overlaps the conduction band, in semiconductors there is a small enough gap between 
the valence and conduction bands that thermal or other excitations can bridge the gap and in insulators the elec- 
trons in the valence band are separated by a large gap from the conduction band. 


In electrical conductors (metals), either the valence band is only partly full, or the valence and conduction bands 
overlap. There is, therefore, no significant gap between filled and unfilled MOs, and perturbation can occur readily. In 
insulators (non-metals), the valence band is full, so perturbation within the band is impossible, and there is an appreci- 
able difference in energy (called the band gap) between the valence band and the next empty band. Electrons cannot 
therefore be promoted to an empty level where they could move freely (Fig. 4.63). 


Energy Energy 
A 
Conduction band 
<—— Conduction band 
Partially Valence band 
filled 
<—— Valence band 
Conductor Conductor 
Energy Energy Energy 
A 
<—— Conduction band 
Vacant Vacant Vacant 
‘ Small gap 
Impurity ) 
| Large gap band 
Filled 
Valence band 
Filled Filled 
Insulator Impurity Intrinsic 
semiconductor semiconductor 


Figure 4.63 Conductors, insulators, impurity and intrinsic semiconductors. 


Conduction of Electricity in Semiconductors 


Semiconductors are solids where there is only a small difference in energy, called a band gap, between the filled 
valence band of electrons and a conduction band. If cooled to absolute zero, the electrons occupy their lowest possible 
energy levels. The conduction band is empty, and the material is a perfect insulator. At normal temperatures, some 
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electrons are thermally excited from the valence band to the conduction band, and hence they can conduct electric- 
ity by the passage of electrons at normal temperatures. Both the promoted electron in the conduction band and the 
unpaired electron left in the valence band can conduct electricity. The conductivity is in between that of a metal and 
an insulator and depends on the number of electrons in the conduction band. 

The conductivity of semiconductors increases with temperature, because the number of electrons promoted to 
the conduction band increases as the temperature increases. Both n-type and p-type semiconductors are produced by 
doping an insulator with a suitable impurity. The band from the impurity lies in between the valence and conduction 
bands in the insulator, and acts as a bridge, so that electrons may be excited from the filled valence band of the insula- 
tor to the empty conduction band of the impurity, or vice versa. 

Pure semiconductor grade silicon needs to be incorporated with impurities for it to develop semiconductor prop- 
erties. This process is known as doping and a number of doping techniques are used. The process of doping introduces 
electronic defects in the solids and makes them conducting. Doping may be carried out using impurities which are 
either electron rich or electron deficient as compared to the intrinsic semiconductor. Germanium and, to an even 
greater extent, silicon are the most important commercial examples of semiconductors. The crystal structures of both 
are like diamond. Atoms of Si and Ge both have four electrons in their outer shell, which form four covalent bonds to 
other atoms. In both Si and Ge at very low temperatures, the valence band is filled and the conduction band is empty. 
Under these conditions, Si and Ge are both insulators, and cannot carry any electric current. 


1. Electron-rich impurities: Pure Si and Ge can be made semiconducting in a controlled way by adding electron-rich 
impurities which act as charge carriers. Si or Ge are first obtained extremely pure by zone refining. Some atoms 
with five outer electrons, such as arsenic As (or any Group 15 element), are added to the silicon crystal. A minute 
proportion of Si atoms are randomly replaced by As atoms with five electrons in their outer shell. Only four of the 
outer electrons on each As atom are required to form bonds in the lattice. At absolute zero or low temperatures, 
the fifth electron is localized on the As atom. However, at normal temperatures, some of these fifth electrons on 
As are excited into the conduction band, where they can carry current quite readily. This is extrinsic conduction, 
and it increases the amount of semiconduction far above that possible by intrinsic conduction. Since the current 
is carried by excess electrons, it is n-type semiconduction. 


2. Electron-deficient impurities: Alternatively a crystal of pure Si may be doped with some atoms with only three 
outer electrons (Group 13 elements), such as indium In. Each indium atom uses its three outer electrons to form 
three bonds in the lattice, but they are unable to form four bonds to complete the covalent structure. One bond is 
incomplete, and the site normally occupied by the missing electron is called a “positive hole” At absolute zero or 
low temperatures, the positive holes are localized around the indium atoms. However, at normal temperatures a 
valence electron on an adjacent Si atom may gain sufficient energy to move into the hole. This forms a new posi- 
tive hole on the Ge atom. The positive hole seems to have moved in the opposite direction to the electron. By a 
series of “hops”? the “positive hole” can migrate across the crystal. This is equivalent to moving an electron in the 
opposite direction, and thus current is carried. Since current is carried by the migration of positive centers, this is 
p-type semiconduction. 


Note: Intrinsically silicon and germanium conduct a small current. However, the addition of a small amount of 
dopant atoms into their regular crystal lattice produces dramatic change in their electrical properties, producing 
n-type and p-type semiconductors. 


Purified silicon (or germanium) crystals can be converted to p-type or n-type semiconductors by high temperature 
diffusion of the appropriate dopant element, up to a concentration of 1 part in 10°. In principle, any of the Group 
13 elements boron, aluminium, gallium or indium can be used to make p-type semiconductors, though indium is 
the most used because of its low melting point. Similarly, Group 15 elements such as phosphorus or arsenic can be 
used to make n-type semiconductors, but because of its low melting point arsenic is most used. Some important 
examples of compounds with Group 13 and Group 15 elements are InSb, GaAs, AIP, etc. A large number of semi- 
conductors have also been prepared by combination with Group 12 and Group 16 elements, for example, ZnS, CdS, 
CdSe and HgTe. 

Transition metal oxides show a wide range values for electrical conductivity. At one extreme are oxides like MnO 
which are insulators and at the other extreme are oxides like ReO,, CrO,, RuO,, TiO and NbO which show metal-like 
conductivities. In between there are a number of oxides that exhibit semiconductor properties, such as Nb,O, and 
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SnO,. Conduction in oxides can be ionic or electronic. The oxides which show semiconductor to metal transitions or 
semiconductor to insulator transitions are of special interest and find many applications. These include V,O,, VO,, 
VO,, Ti,O,, TiO,, etc. 

Superconductors offer no resistance to the flow of current. They are derived from p-block elements as they 
become superconducting at room temperature. At 2-5 K, most of the metals become superconductors. However, 
complex oxides become superconductors at higher temperatures. For example, the oxide Tl,Ca,Ba,Cu,O,, becomes 
superconducting at 125 K, that is, it offers no resistance to the flow of electric current. 


4.13 | MAGNETIC PROPERTIES OF SOLIDS 


On an atomic scale, individual atoms cause magnetic fields because each electron in an atom behaves like a tiny mag- 
net. Its magnetic moment originates from two types of motions: (a) its orbital motion around the nucleus [Figs. 4.64(a) 
and (b)] its spin around its own axis [Fig. 4.64(b)]. 


Magnetic moment Magnetic moment 
Electron 


Electron 
Pe 


Atomic nucleus 
Direction of spin 


(a) (b) (c) 


Figure 4.64 Diagrammatic representation of magnetic moment associated with (a) motion of electron in an orbit 
and (b) spin of electron around its own axis. (c) Angular momentum vector of an electron producing the current. 


Each orbit is assumed to be a loop of electric current (/). As per the electromagnetic theory, a loop of current produces 
a magnetic field, and hence it is not surprising that the electrons in an atom also generate a magnetic field. Therefore, 
an electric current loop can act like a magnetic dipole of moment. 


H, =LA 


Here / is the current and A is the area of the loop, and such current flows counter-clockwise relative to an observer 
standing along the direction of the magnetic moment [Fig. 4.64(c)]. The dipole direction is perpendicular to the plane 
of the loop. The magnitude of this magnetic moment is very small. It is expressed in terms of Bohr magneton, which 
is equal to 9.27 x 10 Am”. Solids can be classified into the following five categories based on the magnetic behavior 
shown by them: 


1. Diamagnetism: Such substances are weakly magnetized in a direction opposite to that of an applied magnetic 
field. Substances showing diamagnetism do not have any unpaired electrons. Since all the electrons are paired, the 
magnetic moment caused by spin of one electron is canceled by the other and net magnetic moment is zero. Some 
examples of diamagnetic materials include NaCl, KCI, TiO,, etc. A diamagnetic substance is weakly repelled when 
placed near a magnet. Diamagnetism is independent of temperature. 


2. Paramagnetism: Such substances are magnetized along the direction of the applied magnetic field. They are 
weakly attracted by the applied magnetic field. The substances showing paramagnetism contain one or more 
unpaired electrons and can be of the following types: 


(a) All those atoms and molecules, which have an odd number of electrons, are paramagnetic. Such a system, 
according to quantum mechanics, cannot have zero total spin; therefore, each atom or molecule has a net 
magnetic moment, which arises from the electron spin angular momentum. Organic free radicals and gaseous 
nitric oxide are some materials that exhibit paramagnetism. 
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(b) All free atoms and ions with unfilled inner electron shells, and many of these ions, when in solid or in solution, 
are paramagnetic. Some well-known examples are KMnO,, Na, K, Cu™ and Fe™ ions. Paramagnetism is shown 
by these substances only in the presence of a magnetic field. 


3. Ferromagnetism: Such substances are strongly attracted by applied magnetic field and can be permanently mag- 
netized. These materials exhibit a phenomenon of spontaneous magnetization. At sufficiently high temperatures, 
all these substances become paramagnetic. Atomic magnetic moments, in ferromagnetic materials, arise when 
the electrons of an atom possess a net magnetic moment due to their angular momentum. The metal atoms are 
grouped together in small regions called domains and each domain acts as a tiny magnet. These domains are 
randomly oriented in an unmagnetized portion of the substance. However, in presence of an applied field, these 
domains get aligned with the applied magnetic field and the combined effect of the atomic magnetic moments 
gives rise to a relatively large magnetization for a given applied field. These ordered domains continue to exist 
even when the external magnetic field is removed and the ferromagnetic substance becomes a permanent magnet. 
Examples are iron, nickel, cobalt CrO, etc. This is a temperature dependent property. 


4. Antiferromagnetism: In such materials, the dipoles have equal moments, but adjacent dipoles point in opposite 
directions. Thus, the moments balance each other, resulting in a zero net magnetization. The atomic magnetic 
moments, at sufficiently low temperatures form an ordered array, which alternates or spirals so as to give no net 
total moment in zero applied magnetic field. Antiferromagnetism is exhibited by some metals, alloys and salts of 
transition elements such as MnO, MnSe, etc. 


5. Ferrimagnetism: In such materials, the atomic dipoles are arranged antiparallel to one another and the number of 
magnetic moments aligned in one direction is more than that aligned in the other direction. As a result magnetic 
moment in one direction has a larger magnitude and a net magnetization is observed which is does not disappear. 
Such materials are weakly attracted by magnetic fields. These lose ferrimagnetism on heating and become paramag- 
netic. The most versatile of ferrimagnetic systems are substances like Fe,O,, and ferrites like MgFe,O, and ZnFe,O,. 


4.14 | DIELECTRIC PROPERTIES OF SOLIDS 


Insulators or dielectrics are materials used to prevent the loss of electricity through certain parts in an electrical 
system. Dielectrics also store electrical charges. When the main function is that of insulation, the materials are called 
insulators and when the charge storage is the main function, they are called dielectrics. On applying electric field, 
polarization of charge takes place leading to formation of dipoles (containing nucleus and electron clouds at the 
extreme ends). In some cases, permanent dipoles could be formed which cause the crystal to have net dipole moment 
by aligning themselves in an ordered manner. The following properties are shown by polar crystals: 


1. Piezoelectricity: The electricity produces due to application of mechanical stress causing deformation and dis- 
placement of ions. The crystals are called piezoelectric crystals and examples include lead zirconate, quartz, etc. 

2. Pyroelectricity: Small electric current produced on heating piezoelectric crystals generates pyroelectricity. 

3. Ferroelectricity: When in piezoelectric crystals having permanent polarized dipoles even in the absence of the 
electric field, on applying field the direction of polarization changes. This phenomenon is called ferroelectricity, 


the crystals are called ferroelectric crystals. Examples include Rochelle’s salt, potassium hydrogen phosphate, 
barium titanate, etc. 


4. Antiferroelectricity: In some crystals, the dipoles point alternately in upward and downward direction. Thus, the 
net dipole moment of the crystal is zero. These crystals are called antiferroelectric. Examples include lead zirco- 


nate, etc. 
SOLVED OBJECTIVE QUESTIONS FROM PREVIOUS YEAR PAPERS 
1. The pycnometric density of sodium chloride crystal is (A) 5.96 (B) 5.96 x 107 
2.165 x 10° kg m® while its X-ray density is 2.178 x (C) 5.96 x 107 (D) 5.96 x 10° 
10° kg m™. The fraction of the unoccupied sites in sodium 
chloride crystal is (IIT-JEE 2003) 
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Solution 


(D) We know that density = a 


volume 


mass 


Thus, volume = - 
density 


M__os 
2.165 x 10° 


M 3 
i aa oneal 
2.178 x 10° 


Volume unoccupied = Pycnometric volume — X-ray volume 


Hence, pycnometric volume = 


and X-ray volume = 


_M 1 1 ]_ 0.013 Mx10° 
~ 10°12.165 2.178 2.165 x 2.178 


Fraction of volume unoccupied 


_ 0.013 M x 10°9/2.165 x 2.178 
. M x107°/2.165 


= 5.96 x 10° 


2. Which of the following fcc structures contains cations in 


the alternate tetrahedral voids? (IIT-JEE 2005) 
(A) Na,O (B) ZnS 

(C) CaF, (D) CaO 

Solution 


(B) In ZnS, anions (S*) are placed in fec manner and cati- 
ons (Zn”*) are placed in alternate tetrahedral voids. 

3. Match the crystal system/unit cells mentioned in Column I 

with their characteristic features mentioned in Column II. 


Column | Column II 
(A) Primitive cubic and face (p) Have these cell 
centered cubic parameters a=b=c 
and a= B=y7 
(B) Cubic and rhombohedral (q) Are two crystal 
systems 
(C) Cubic and tetragonal (r) Have only two 
crystallographic 
angles of 90° 
(D) Hexagonal and (s) Belong to same 
monoclinic crystal system 
(IIT-JEE 2007) 
Solution 


A > (p,s);B > (p,q); C > (q); D > (q,1). 
4. Statement 1: Band gap in germanium is small. 

Statement 2: The energy spread of each germanium atomic 

energy level is infinitesimally small. (IIT-JEE 2007) 

(A) Statement 1 is True, Statement 2 is True; Statement 2 is 
a correct explanation for Statement 1. 

(B) Statement 1 is True, Statement 2 is True; Statement 2 is 
NOT a correct explanation for Statement 1. 

(C) Statement 1 is True, Statement 2 is False. 

(D) Statement 1 is False, Statement 2 is True. 


5a. 


5b. 


5c. 
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Solution 


(C) A semiconductor has only small difference in energy 
between the filled valence band and empty conduc- 
tion band. The energy gap between valence and con- 
duction band for germanium is 68 kJ mol™ at room 
temperature. In order to increase its conduction, dop- 
ing is done. 


. Read the following paragraph and answer the questions 


that follow: 


Paragraph for Questions 5a-5c: In hexagonal systems of 
crystals, a frequently encountered arrangement of atoms 
is described as a hexagonal prism. Here, the top and bot- 
tom of the cell are regular hexagons and three atoms are 
sandwiched in between them. A space-filling model of this 
structure called hexagonal closed packed (hcp) is consti- 
tuted of a sphere on a flat surface surrounded in the same 
plane by six identical spheres as closely as possible. Three 
spheres are then placed over the first layer so that they 
touch each other and represent the second layer. Finally, 
the second layer is covered with a third layer that is identi- 
cal to the bottom layer in relative position. Assume radius 
of every sphere to be r. (IIT-JEE 2008) 


The number of atoms in this hcp unit cell is 
(A) 4 (B) 6 

(C) 12 (D) 17 
Solution 


(B) 12 x6 (corners) + 2 x (1/2) (at face centers) + 3 (in the 
body center) =6 


The volume of this hcp unit cell is 
(A) 24V2 73 (B) 16v2 r° 
64 
12V2 r° —— 
(©) 12V2r () 55 
Solution 


(A) Volume of unit cell = base x height 
Base area of regular hexagon = 6 x (3)'7/4 x (2r)’ 
=6x (3)? 
Volume of unit cell = 6(3)!r" + 4r (2/3)! = 24(2)'"r° 


The empty space in this hcp unit cell is 
(A) 74% (B) 476% 
(C) 32% (D) 26% 
Solution 


(D) Volume occupied in hcp arrangement = 74%, so the 
empty space is 26%. 


. The correct statement(s) regarding defects in solids is (are) 


(A) Frenkel defect is usually favored by a very small dif- 
ference in the sizes of cation and anion. 

(B) Frenkel defect is a dislocation defect. 

(C) Trapping of an electron in the lattice leads to the for- 
mation of F-center. 

(D) Schottky defects have no effect on the physical prop- 
erties of solids. (IIT-JEE 2009) 
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. Silver (atomic weight = 


Solution 


(B),(C). Frenkel defects occur in compounds in which the 
anions are much larger in size than cations. It is a dislo- 
cation effect. The presence of Schottky defects lowers the 
density of the crystal (means it affects the physical proper- 
ties of the crystal). In the metal excess defects, the electron 
is trapped in anion vacancies known as F-centers. 


. The coordination number of Al in the crystalline state of 


AICL, is (IIT-JEE 2009) 


Solution 


(6) Coordination number of Al is 6. It exists in ccp lattice 
with 6 coordinate layer structure. 


108 mol') has a density of 
10.5gcm™~. The number of silver atoms on a surface of area 
10°” m’ can be expressed in scientific notation as y x 10°. 
The value of x is (IIT-JEE 2010) 


Solution 


We know that density = mass/volume where density = 10.5 
gcm’. This means 10.5 g of Ag is present in 1 cm’. 

The number of atoms of Ag present in 1 cm* = 10.5/108 x N, 
In 1 cm, number of atoms of Ag = (10.5/108 x N,)"” 

In 1 cm’, number of atoms of Ag = (10.5/108 x N,)”* 

In 10° cm’, number of atoms of Ag = (10.5/108 x N,)°” x 
10° = (1.05 x 6.022 x 10*/10°) x 10° = 1.5 x 10’. 

Hence, x =7 


. The packing efficiency of the two-dimensional square unit 


cell shown in Fig. 4.65 is (IIT-JEE 2010) 


<---L--> 


Figure 4.65 


(B) 68.02% 
(D) 78.54% 


(A) 39.27% 
(C) 74.05% 


Solution 
(D) a= (2(2)'” r). Hence the packing efficiency 


2xar Qnr _ 1 
= =— x 100=78.5%. 
(2V2r)? 8 A 


The number of hexagonal faces that are present in a trun- 
cated octahedron is (IIT-JEE 2011) 


Solution 


(6) This can be seen in Fig. 4.66. 


a 
o> 


Figure 4.66 


11. 


om 
(7 
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Solved Objective Questions from Previous Year Papers 
A compound M,X, has cubic close packing (ccp) arrange- 


ment of X. Its unit cell structure is shown in Fig. 4.67 The 
empirical formula of the compound is 


M-i 
X=@ 
Figure 4.67 
(A) MX (B) Mx, 
(C) M,X (D) M.X,, (ITT-JEE 2012) 
Solution 


(B) As X is present at the corners of the cube and also at 
the faces of the cube, so the contribution of X will be 


1 ee 
8(corners) x . x (contribution of each corner atom) 


+ 6(faces) x 5 (contribution of each face) = 4 


As M is present at the body center and at each diago- 
nal, so its contribution will be 


4(diagonals) x =(contribution of each diagonal) + 
1(body center) = 2 


So, the unit cell formula becomes M,X, and the empir- 
ical formula will be MX,. 


12. The arrangement of X ions around A”* ion in solid AX is 


given in the Fig. 4.68 (not drawn to scale). If the radius of 
X is 250 pm, the radius of A* is (JEE Advanced 2013) 


Figure 4.68 
(A) 104 pm (B) 125 pm 
(C) 183 pm (D) 57 pm 
Solution 


(A) From Fig. 4.68, it can be seen that the cation A” occu- 
pies octahedral void formed by the anion X. The 
radius ratio for an octahedral void is r,, / r= 0.414. 


Now, given that the radius of anion X is 250 pm, so the 
radius of A* is 


r,. = 0.414 250 = 103.50 = 104 pm 
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13. 


14. 


15. 


16. 


If the unit cell of a material has cubic close packed (ccp) 
array of oxygen atoms with m fraction of octahedral holes 
occupied by aluminum ions and n fraction of tetrahedral 
holes occupied by magnesium ions, m and n, respectively, 


are (JEE Advanced 2015) 
11 1 

A) —=,— B) 1,— 

( 5 3 (B) 4 
11 11 

C) -,- D) -—,= 

(C) 79 { 4 3 

Solution 


(A) For cep lattice; number of atoms (z) = 4 
Number of octahedral and tetrahedral holes is 4 and 8 
respectively. 
From the balance of charge on the salt, we have 407 
give charge of —-8, which is balanced by 2AI** and 
1 Mg* or a charge of +8. Therefore, the formula is 
ALMgoO,. 


1 
Al’ is present in 4 = ae the octahedral holes 
1 
Mg” are present in ri of the tetrahedral holes 


How many unit cells are present in a cube-shaped ideal 
crystal of NaCl of mass 1 g? (AIEEE 2003) 
(A) 2.57 x 10”! unit cells (B) 5.14 x 10” unit cells 
(C) 1.28 x 107 unit cells (D) 1.71 x 10” unit cells 


Solution 


(A) 1 unit cell has 4 NaCl. So, mass of one unit cell is 


58.5 
6.023 


4x 


x10" g 


Number of unit cells in one gram is 


1 1 


x sy = 2.57 x 10"! 
4 58.5 x 6.02 x 10* 
Glass is a 
(A) microcrystalline solid. (B) supercooled liquid. 
(C) gel. (D) polymeric mixture. 
(AIEEE 2003) 
Solution 


(B) This is because it has the property to flow. 


What type of crystal defect is indicated in Fig. 4.69? 


(AIEEE 2004) 
Nat cl Nat cr Nat cl 
cr eee Na* Nat 
Nat cr cl Na* cl 
cr Na* cr Nat* Na* 
Figure 4.69 


17. 


18. 


19. 


20. 
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(A) Frenkel defect 

(B) Frenkel and Schottky defects 
(C) Interstitial defect 

(D) Schottky defect 


Solution 


(D) Schottky defect. This is because equal number of cati- 
ons and anions are missing from their lattice sites. 

An ionic compound has a unit cell consisting of A ions 

at the corners of a cube and B ions on the centers of the 

faces of the cube. The empirical formula for this compound 


would be (AIEEE 2005) 
(A) AB (B) A.B 

(C) AB, (D) A,B 

Solution 


1 
(C) Number of atoms of A = 3 x 8 (corners) = 1 


Number of atoms of B = 5 x6 (faces) =3 


Hence, the formula of compound will be A,B, 


Total volume of atoms present in a face centered cubic unit 
cell of a metal is (r is atomic radius) (AIEEE 2006) 
20; 24, 
(A) ae (B) a 
12. 3 16, 
(@) is (D) es 
Solution 


(D) For a face centered cubic unit cell there are 4 atoms 


per unit cell. 


: 4 
For one spherical atom volume, V = 3 


16, 


For 4 atoms volume, V = Sar =—a_ar 

In a compound atom of element Y from ccp lattice and 
those of element X occupy 2/3rd of tetrahedral voids. The 
formula of the compound will be 


(A) XY, (B) XY, 
(CY (D) X,Y, (AIEEE 2008) 
Solution 


(A) Number of atoms of Y = 4 (as ccp, hence rank = 4) 


Number of atoms of X = Z x8 (tetrahedral voids are 
double the rank) 
Hence, formula of compound will be X,Y, 
Copper crystallizes in fcc with a unit cell length of 361 pm. 
What is the radius of copper atom? 
(A) 157 pm (B) 181 pm 
(C) 108 pm (D) 127pm (AIEEE 2009) 
Solution 
(D) For fcc, the relationship between edge length (a) and 
radius of sphere (r) is (2)'” a= 4r 


_V2a_ V2 x361_ 
4 4 


127 pm 
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22. 


23. 


24. 


2. 


The edge length of a face centered cubic cell of an ionic 
substance is 508 pm. If the radius of the cation is 110 pm 
the radius of the anion is 


(A) 144 pm (B) 288 pm 
(C) 398 pm (D) 618 pm (AIEEE 2010) 
Solution 


(A) For an fcc arrangement, 
bie e Pees eres 


r =144 pm 


= (1040) =2* 


or 


Percentage of free space in cubic close-packed structure 
and in body centered packed structure are, respectively, 
(A) 48% and 26% (B) 30% and 26% 

(C) 26% and 32% (D) 32% and 48% 


(AIEEE 2010) 
Solution 


(C) This is because packing efficiency of cubic close packing 
and body centered packing are 74% and 68%. So, the 
free space will be (100 — 74 =26% and 100 — 68 = 32%). 


In a face centered cubic lattice, atom A occupies the corner 
position and atom B occupies the face center positions. If 
one atom of B is missing from one of the face centered 
points, the formula of the compound is 


(A) AB, (B) A,B, 
(C) A,B, (D) A,B (AIEEE 2011) 
Solution 


(C) No. of atoms of A (per unit cell) = 1/8 x 8=1 
No. of atoms of B (per unit cell) = (1/2) x 5 (because 1 
atom is missing from the face) = 5/2 
Formula is A,B,,,= A,B; 


Lithium forms body centered cubic structure. The length of 
the side of its unit cell is 351 pm. Atomic radius of lithium 


will be: (AIEEE 2012) 
(A) 75 pm (B) 300 pm 

(C) 240 pm (D) 152 pm 

Solution 


(D) For a bcc structure, the relationship between a (length 
of the side of the unit cell) and r (atomic radius) is 
given as J3a = 4r where a is given as 351 pm. So, 


r= V3 x24 = 152 pm 


What kinds of particles are located at the lattice sites in a 
metallic crystal? 


What are crystalline solids? State the categories of crystal- 
line solids with examples. 


25. 


26. 


3. 


4. 
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Review Questions 


Which of the following exists as covalent crystals in the 
solid state? (JEE Main 2013) 
(A) Silicon (B) Sulphur 

(C) Phosphorus (D) Todine 

Solution 


(A) Silicon (Si) exists as covalent solid, sulphur (S,) exists 
as molecular solid, phosphorus (P,) exists as molecu- 
lar solid and iodine (I,) exists as molecular solid. 


CsCl crystallizes in body centred cubic lattice. If ‘a’ is 
its edge length then which of the following expressions is 


correct? (JEE Main 2014) 
(A) 7. th, =3a 

_ 3a 
(B) Fort. =e 

3a 

(C) Vogt afee a 
(D) ott. = V3a 
Solution 


(C) For body centred cubic lattice of CsCl shown in 
Fig. 4.70 


Cs* ion surrounded by 
8 CI ions 


Figure 4.70 


Two CI and one Cs* touch each other at body diago- 
nal of cube. Thus, 


- _ Ba 
216, + 2% = V3a> re +o = —— 


REVIEW QUESTIONS 


1. 


What are the possible types of defects that can occur if a 
Ca™ ion replaces an Na‘ in an crystal lattice of NaCl? 


Calculate the packing efficiency of an hcp lattice unit 
cell. 
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5 


so 


10 


11 


12 


13 


14 


15 


16 


17 


. A compound consisting of the monovalent ions A*, B 
crystallizes in the body centered cubic lattice. (a) What 
is the formula of the compound? (b) If one of A* ions 
from the corner is replaced by a monovalent ion C’, 
what would be the simplest formula of the resulting 
compound? 


. What are the similarities and differences between metallic 
and ionic crystals? 


. Columbium is another name for one of the elements. It 
is shiny, soft and ductile. It melts at 2468°C, and the solid 
conducts electricity. What kind of solid does columbium 
form? 


. Barium metal has body centered cubic structure. Draw a 
unit cell of barium atom and calculate the number of bar- 
ium atoms per unit cell. 


. What type of interactions hold the molecules together in a 
polar molecular solid? 


. Explain the two types of close packing of atoms/ions com- 
monly found in crystalline solids. 


. AgI crystallizes in cubic close-packed ZnS struc- 
ture. What fraction of tetrahedral sites is occupied by 
Ag’ ions? 

. Explain why the presence of Schottky defect in a crystal 
lowers its density. 


. If the radius of the octahedral void is r and radius of the 
atoms in close packing is R, derive the relation between r 
and R. 


. Discuss Schottky and Frenkel defects. Explain with the 
help of diagrams. 


. Where in the periodic table are the atoms most likely to be 
involved in the formation of semiconductors located? 


. Figure 4.71 refers to the creation of F-center. 


Figure 4.71 


(a) What type of solids show this type of defect? 
(b) How are F-center formed? 


. Why does germanium act as an n-type semiconductor? 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 
29. 


30. 
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The number of vacancies generated in NaCl lattice on 
addition of divalent ions is twice the number of ions added. 
Justify. 


Explain the cause of magnetic behavior in the following 
type of substance: 


(a) Ferromagnetic (b) Paramagnetic 


Distinguish between amorphous and crystalline states 
of solids. What are the characteristic properties of 
each type? 


Indicate which type of crystal (ionic, molecular, cova- 
lent, metallic) each of the following would form when it 
solidifies: (a) Br,, (b) LiF, (c) MgO, (d) Mo, (e) Si, (f) PH,, 
(g) NaOH. 


What relationship is there between a crystal lattice and a 
unit cell? 


How many copper atoms are there within the face centered 
cubic unit cell of copper? 


What is a tetrahedral void? How many tetrahedral voids 
can exist per unit cell in a close-packed structure of uni- 
form spheres? 


What are two ways by which non-stoichiometric defects 
due to metal deficiency may occur? 


In chromium (III) chloride, CrCl, chloride ions have cubic 
close-packed arrangement and Cr(IIJ) ions are present in 
the octahedral holes. What fraction of the octahedral holes 
is occupied? What fraction of the total number of holes is 
occupied? 


Name the ions which form the close-packed structure 
(along with the type of packing) and the ions which fill the 
voids (along with the types of voids) in the compounds: 
(a) NaCl, (b) ZnS, (c) CaF. 


To which axis is the (1 1 1) plane parallel to? 


In the following structure (Fig. 4.72), which voids do the 
sites S, and S, represent? 


Figure 4.72 


Which crystal system has no rotation of symmetry? 


NUMERICAL PROBLEMS 


1 


. Metallic magnesium has a hexagonal close-packed struc- 
ture and a density of 1.74 g cm™~. Assuming magnesium 


atoms to be spherical, calculate the radius of magnesium 
atom. (Atomic mass of Mg = 24.3 u). 
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. Iron changes its crystal structure from body centered 


to cubic close-packed structure when heated to 916°C. 
Calculate the ratio of the density of the bec crystal to that 
of ccp crystal, assuming that the metallic radius of the atom 
does not change. 


. Barium crystallizes in a body centered cubic structure 


in which the cell edge length is 0.5025 nm. Calculate the 
shortest distance between neighboring barium atoms in 
the crystal. 


. Chromium metal (p = 720 g cm”®) crystallizes in a body 


centered cubic unit cell. Calculate the volume of the unit 
cell and the radius of a chromium atom. 


. Calcium metal crystallizes in a face centered cubic lattice 


with edge length of 0.556 nm. Calculate the density of the 
metal if it contains (a) 0.5% Frenkel defects and (b) 0.2% 
Schottky defects. 


. Determine whether calcium crystallizes in a primitive 


cubic, a body centered cubic, or a face centered cubic unit 
cell, assuming that the cell edge length is 0.5582 nm and the 
density of the metal is 1.55 ¢ cm™. 


. A compound with fcc crystal structure has a density of 


2.163 x 10° kg m™. Calculate the edge length of its unit cell. 


. By X-ray diffraction methods, the unit length of NaCl is 


observed to be 0.5627 nm. The density of NaCl is found to 
be 2.164 g cm™. What type of defect exists in the crystal? 
Calculate the percentage of Na* and CI ions missing. 


. The atomic radius of nickel is 124 pm. Nickel crystallizes in 


face centered cubic lattice. What is the edge length of the 
unit cell expressed in pm and A? 

For a cubic crystal, the face diagonal is 3.50 A. Calculate 
the face length. 


Single Correct Choice Type 


1 


4. 


Fraction of total volume occupied by atoms in a simple 


cube is 

La 3x 
(A) 5 hem 
20 


T 
(C) | (D) § 


. Which of the following is an amorphous solid? 


(A) Rubber 
(C) Glass 


(B) Plastic 
(D) All of these 


. The unit cell of a metallic element of atomic mass 108 and 


density 10.5 g cm” is a cube with edge length of 409 pm. 
The structure of the crystal lattice is 

(A) fee. (B) bec. 

(C) hep. (D) none of these. 


Which of the following statements is correct? 
(1) The coordination number of cation occupying a tet- 
rahedral hole is 4. 
(II) The coordination number of cation occupying a octa- 
hedral hole is 6. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 
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Additional Objective Questions 


Lithium borohydride, LiBH,, crystallizes in an orthorhom- 
bic system with 4 molecules per unit cell. The unit cell 
dimensions are: a = 6.81 A, b = 4.43 A and c =717 A. 
Calculate the density of the crystal. Take atomic mass of 
Li=7u,B=1luandH=1u. 

A unit cell of sodium chloride has four formula units. The 
edge length of the unit cell is 0.564 nm. What is the density 
of sodium chloride? [IT-JEE 1997] 


Sodium chloride has face centered cubic (fcc) structure. 
The density of NaCl is 2.163 g cm™. Calculate 
(a) edge length of cubic cell; 
(b) distance between two adjacent atoms. 
Given that mass weight of sodium = 23 and mass 
weight of chlorine = 35.5. 


The distance between layers of NaCl crystal is 282 pm. 
X-rays are diffracted from these layers at an angle of 23.0° 
with first-order diffraction. Calculate the wavelength of 
X-rays in nm. 

CuCl has face centered cubic structure. Its density is 
3.4 g cm”. What is the length of unit cell? 


A compound forms hexagonal close-packed structure. 
What is the total number of voids in 0.5 mol of it? How 
many of these are tetrahedral voids? 


Caesium chloride forms simple cubic lattice in which Cs* 
ions are the corners and CI ion is in the center. The cation— 
anion contact occurs along the body diagonal of the unit 
cell. (The body diagonal starts at one corner and then runs 
through the center of the cell to the opposite corner.).The 
length of the edge of the unit cell is 412.3 pm. The Cl ion 
has a radius of 181 pm. Calculate the radius of Cs* ion. 


ADDITIONAL OBJECTIVE QUESTIONS 


(11) In Schottky defects, density of the lattice decreases. 
(A) LI (B) IL, Il 
(C) 1,0, WI (D) IL, 1 


. A compound formed by elements A and B crystallizes in 


a cubic structure where A atoms are at the corners of a 
cube and B atoms are at the face center. The formula of the 
compound is 


(A) AB, (B) AB, 
(C) AB, (D) None of these 
. Which arrangement of electrons leads to antiferromag- 
netism? 
(A) TTT (B) TIT 


(C) Both A andB (D) None of these 


. CsBr has bec structure with edge length 4.3 A. The shortest 


interionic distance in between Cs" and Br is 
(A) 3.72A (B) 186A 
(C) 744A (D) 443A 


. When NaCl is doped with MgCL, the nature of defect pro- 


duced is 
(A) interstitial. 
(C) Schottky. 


(B) Frenkel. 
(D) None of these. 
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In a cubic packed structure of mixed oxides, the lattice is 
made up of oxide ions. One-fifth of tetrahedral voids are 
occupied by divalent (X”*) ions, while one-half of the octa- 
hedral voids are occupied by trivalent ions (Y*), then the 
formula of the oxide is 


(A) XY,O, (B) X,YO, 

(C) X,Y;0,) (D) XsY,0;, 

The limiting radius ratio of the complex [Ni(CN),]* is 
(A) 0.225 — 0.414 (B) 0.414 - 0.732 

(C) 0.155 — 0.225 (D) None of these 

How many tetrahedral holes are occupied in diamond? 
(A) 25% (B) 50% 

(C) 75% (D) 100% 


A substance A,B, crystallizes in a face centered cubic 
lattice in which atoms A occupy each corner of the cube 
and atoms B occupy the centers of each face of the cube. 
Identify the corner composition of the substance A,B,. 
(A) AB, (B) A.B, 

(C) A,B (D) Cannot be determined. 
A metal crystallizes in two cubic phases, face centered 
cubic (fcc) and body centered cubic (bcc) whose unit cell 
length are 3.5 A and 3.0 A, respectively. Calculate the ratio 
of density of fcc and bcc. 

(A) 2.123 (B) 1.259 

(C) 5.124 (D) 3.134 


Xenon crystallizes in face centered cubic lattice and edge 
of the unit cell is 620 pm, then the radius of xenon atom is 
(A) 219.20 pm (B) 438.5 pm 

(C) 265.5 pm (D) 536.94 pm 

In a face centered cubic arrangement of metallic atoms, 
what is the relative ratio of the sizes of tetrahedral and 
octahedral voids? 


(A) 0.543 (B) 0.732 

(C) 0.414 (D) 0.637 
Frenkel defect is noticed in 

(A) AgBr (B) ZnS 

(C) Agl (D) all of these. 


A crystal formula AB, has A ions at the cube corners and 
B ions at the edge centers. The coordination numbers of A 
and B are, respectively, 

(A) 6and6 (B) 2 and6 

(C) 6and2 (D) 8 and8 


A compound of CuCl has face centered cubic structure. Its 
density is 3.4 cm™. The length of unit cell is 

(A) 5.783 A (B) 6.789 A 

(C) 7783. A (D) 8.783 A 


If the ratio of coordination numbers P to that of Q be Y:Z, 
then the formula of the solid is 

(A) P,Q, (B) P.O, 

(C) P.O}, (D) none of these. 

The coordination number of a metal crystallizing in a 
hexagonal close-packed structure is 

(A) 12 (B) 4 

(C) 8 (D) 6 


els 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 
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The number of tetrahedral and octahedral voids in hexago- 

nal primitive unit cell are 

(A) 8,4 (B) 2,1 

(C) 12,6 (D) 6,12 

In the fluorite structure (CaF,), 

(A) Ca” ions are ccp and F ions are present in all the tet- 
rahedral voids. 

(B) Ca** ions are ccp and F ions are present in all the octa- 
hedral voids. 

(C) Ca* ions are ccp and F ions are present in all the octa- 
hedral voids and half of ions are present in tetrahedral 
voids. 

(D) None of these. 


The lattice parameters are a = 5.62 A,b = 741 A,c =9.48 A. 
The three coordinates are mutually perpendicular to each 
other. The crystal is 


(A) tetragonal. (B) orthorhombic. 
(C) monoclinic. (D) trigonal. 
In a solid AB having the NaCl structure, A atoms occupy 


the corners of the cubic unit cell. If all the face centered 
atoms along one of the axes are re moved, then the result- 
ant stoichiometry of the solid is 


(A) AB, (B) A,H 

(C) A,B, (D) A,B, 

Ice belongs to which of the following structures? 

(A) Cubic (B) Hexagonal 

(C) Orthorhombic (D) Tetragonal 

A body centered cubic arrangement is shown in Fig. 4.73. 


O is the body center; A, B, C, D, ..., H are the corners. What 
is the magnitude of the angle AOB? 


H 
fet] 
(ea c 
A B 
Figure 4.73 
(A) 120° (B) 109° 28’ 
(C) 104° 31’ (D) 70°32’ 


A binary solid (A’B ) has a zinc blende structure with B™ 
ions constituting the lattice and A* ions occupying 25% tet- 
rahedral holes. The formula of solid is 


(A) AB (B) A,B 
(C) AB, (D) AB, 
Iron crystallizes in a body centered cubic structure. The 


radius of Fe atom (if edge length of unit cell is 286 pm) is 


(A) 120.9 pm (B) 123.8 pm 
(C) 23.8 pm (D) 223.8 pm 
Gold crystallizes in the face centered lattice. The number 


of unit cells in 1 g of gold (atomic mass = 197 u) will be 


(A) 6.02 x 10” (B) 764 x 10° 
(C) 3.82 x 10” (D) 15.28 x 10° 
Potassium crystallized in a body centered cubic lattice. 


What is the approximate number of unit cells in 4.0g of 
potassium? (Atomic mass of potassium = 39 u.) 
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31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


(A) 3.09 x 10” (B) 2.09 x 107! 
(C) 4.10 x 107 (D) 3.09 x 107° 


In a crystal, both ions are missing from normal sites in 
equal number. This is an example of 

(A) F-centers. (B) interstitial defect. 

(C) Frenkel defect. (D) Schottky defect. 


When transition metals form interstitial compounds, the 
non-metals (H, B, C, N) are accommodated in 

(A) voids or holes in cubic in cubic-packed structure. 

(B) tetrahedral voids. 

(C) octahedral voids. 

(D) all of these. 


Among the following types of voids, which one is the larg- 
est void? 

(A) Triangular system 
(C) Monoclinic system 


(B) Tetragonal system 
(D) Octahedral system 


The anions A form hexagonal closest packing and atoms C 
occupy only 2/3 of octahedral voids in it, then the general 
formula of the compound is 

(A) CA (B) A, 

(C) GA; (D) CA, 

A metallic element exists as cubic lattice. Each edge of the 
unit cell is 241 A. The density of the metal is 720gcem™. 
How many unit ceil will be present in 100 g of the metal? 
(A) 6.85 x 10° (B) 5.82 x 10” 

(C) 4.37 x 10° (D) 2.12 x 10° 


The most efficient packing of similar spheres is obtained in 

(A) the simple cubic system and the body centered cubic 
system. 

(B) the simple cubic system and the hexagonal close 
packed system. 

(C) the face centered cubic system and the hexagonal 
close packed system. 

(D) the body centered cubic system and the face centered 
cubic system. 

Bragg’s equation is 

(A) nd = 26 sin@ 

(C) 2nd = dsiné 


(B) nA =2dsin@ 
(D) A= (2d/n)sin@ 


A solid PQ has rock salt type structure in which Q atoms 
are at the corners of the unit cell. If the body centered 
atoms in all the unit cells are missing, the resulting stoichi- 
ometry will be 

(A) PQ (B) PQ, 

(C) P,Q, (D) P,Q, 

Choose the correct matching sequence from the possibili- 
ties given 


Column | Column II 

(A) Crystal defect (p) AB AB AB type crystal 
(B) hep (q) Covalent crystal 

(C) CsCl (r) Frenkel defect 

(D) Diamond (s) Face centered in cube 
(E) NaCl (t) Body centered in cube 
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Additional Objective Questions 


A @® OO MW) ©) 
(a) (r) (p) (q) (t) (s) 
(b) = @) (p) (t) (q) (s) 
(c) (r) (t) (p) (q) (s) 
(dt) (p) (s) (q) (p) 


Multiple Correct Choice Type 


ds 


Which of the following statement(s) is(are) correct? 

(A) The coordination number of each type of ion in CsCl 
crystal is 8. 

(B) A metal that crystallizes in bec structure has a coordi- 
nation number of 12. 

(C) A unit cell of an ionic crystal shares some of its ions 
with other unit cells. 

(D) The length of the unit cell in NaCl is 552 pm. (7. =95 
pm; 7, = 181 pm). 


. Which of the following compounds represent a normal 2:3 


spinel structure? 
(A) Meg" ALO, 
(C) Zn(TiZn)O, 


(B) Co"(Co"),O, 
(D) Ni(CO), 


. Pick up the correct statements 


(A) The ionic crystal of AgBr has Schottky defect. 

(B) The unit cell having crystal parameters, a = b # c, 
a = B =90°,y = 120° is hexagonal. 

(C) In ionic compounds having Frenkel defect, the ratio 
rir is high. 

(D) The coordination number of Na’ ion in NaCl is 4. 


. Select the correct statements: 


(A) The conductance through electrons is called p-type 
conduction. 

(B) The conductance through positive holes is called 
p-type conduction. 

(C) The conductance through electros holes is called 
n-type conduction. 

(D) The band gap in germanium is small. 


. Which of the following are not the characteristics of crys- 


talline solids? 

(A) They are isotropic. 

(B) They are polymorphism. 

(C) After melting, they become non-crystalline. 
(D) They do not have thermodynamic defects. 


. The hep and ccp structure for a given element would be 


expected to have 

(A) the same coordination number. 
(B) the same density. 

(C) the same packing fraction. 

(D) all of these. 


. TiO, (rutile) shows 6:3 coordination. Which of the follow- 


ing solids have a rutile-like structure? 
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10. 


11. 


12. 


13. 


14. 


15. 


(A) MnO, 
(C) KCl 


(B) ZnS 
(D) SnO, 


. Select the correct statements about three-dimensional hcp 


system: 

(A) The volume atoms in hcp unit cell is six. 
(B) The volume of hcp unit cell is 24)/2r’. 
(C) The empty space in hcp unit cell is 26%. 
(D) The base are of hcp unit is 6\3r°. 


3 
. In the fluorite structure if the radius ratio is (2 -1, 


How many ions does each cation touch? 
(A) 4 anions (B) 12 cations 
(C) 8 anions (D) No cations 


The density of a certain solid AB (formula mass = 119) is 
2.75 g cm”. The edge of the unit cell is 654 pm long. What 
is/are true about the solid AB? 

(A) It has bec unit cell. 

(B) There are four constituents per unit cell. 

(C) Unit cell constituted by anions of fcc. 

(D) Structure is similar to ZnS. 


If the radius of Na* ion is 95 pm and that of CI ion is 181 pm, 
then 

(A) coordination number of Na’ is 6. 

(B) Structure of NaCl is octahedral. 

(C) Radius of the unit cell is 552 pm. 

(D) Edge of the unit cell is 276 pm. 


The correct statement(s) regarding defects in solids 

is (are) 

(A) Frenkel defects are usually favored by a very small dif- 
ference in the sizes of a cation and anion. 

(B) Frenkel defect is a dislocation defect. 

(C) Trapping of an electron in the lattice leads to the for- 
mation of F-center. 

(D) Schottky defects have no effect on the physical prop- 
erties of solids. 


In which of the following lattice systems does a primitive 
unit cells have a#b¥#c? 
(A) Orthorhombic 

(C) Triclinic 


(B) Monoclinic 
(D) Hexagonal 


Which of the following statement is correct? 

(A) A rutile (TiO,) structure consists of an hcp anion 
lattice with cations occupying half the octahedral 
holes. 

(B) The Wurtzite structure is derived from an expanded 
hep anion array with cation occupying one type of 
octahedral holes. 

(C) In the fluorite structure (CaF,), anions occupy both 
types of tetrahedral holes in an expanded fcc lattice of 
cations. 

(D) None of these. 


Which of the following is/are true? 

(A) In hexagonal close packing, each atom has a coordina- 
tion number of 6. 

(B) In body centered cubic, the space occupied by spheres 
is 68%. 


16. 


17. 


18. 


19. 


20. 


ely 


22. 


23. 


om 
fe 
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(C) Solids have either tetrahedral voids or octahedral 
voids. 

(D) There is no difference between fcc and ccp 
arrangements. 


The elements of symmetry in a crystal are 
(A) plane of symmetry. (B) axis of symmetry. 
(C) center of symmetry. (D) none of these. 


Ferromagnetic substances among the following are 


(A) gold. (B) nickel. 

(C) silver. (D) gadolinium. 

Which of the following crystals have 8:8 coordination? 
(A) NH,Cl (B) AlFe 

(C) MnO (D) NH,Br 

Which of the following is/are false? 


(A) MgFe,O, is a ferrite but ZnFe,O,,. 

(B) Ferrites have spine structure. 

(C) The number of tetrahedral voids is four times that of 
octahedral voids. 

(D) If the radius of anion is double than that of cations, the 
crystalline solid has octahedral structure. 


If radius of anion is 0.20 nm, the maximum radius of cati- 
ons which can be filled in respective voids are correctly 
matched in: 

(A) 7° = 0.0828 nm for tetrahedral void 

(B) 7° =0.045 triangular void 

(C) r=0.1464 nm for octahedral void 

(D) none of these. 


Choose the correct statements 
(A) Vacancy defects lower the density of a substance. 


(B) Interstitial defects increase the density of a 
substance. 

(C) Schottky defects preserve the electrical neutrality of a 
crystal. 


(D) Frenkel defects do not affect the density of a crystal. 


Molecular crystals may exist in 
(A) crystalline state. (B) amorphous state. 
(C) non-crystalline state. | (D) none of these. 


Which of the following statement are correct for the rock 

salt structure? 

(A) The tetrahedral sites are smaller than octahedral 
sites. 

(B) The octahedral sites are occupied by cations and the 
tetrahedral sites are empty. 

(C) The radius ratio is 0.732. 

(D) The radius ratio is 0.999. 


24. p-type semiconductors are produced when 


25. 


(A) silicon is doped with boron. 

(B) germanium is doped with phosphorus. 
(C) germanium is doped with aluminium. 
(D) silicon is doped with arsenic. 


Select the correct statements about solid crystals. 

(A) High pressure decreases coordination number. 
(B) High pressure increases coordination number 

(C) High temperature increases coordination number. 
(D) High temperature decreases coordination number. 


https://telegram.me/unacademyplusdiscounts 


26. Which of the following possesses rock salt type structure? 
(A) KBr (B) CsBr 
(C) CaO (D) BeS 


27. The space in which atoms are not present in unit cell is(are) 
(A) in sc 48% (B) in fec 26% 
(C) in bec 32% (D) in hexagonal 26% 


Assertion-Reasoning Type 


Choose the correct option from the following: 
(A) Statement 1 is True, Statement 2 is True; Statement 2 is 
a correct explanation for Statement 1. 
(B) Statement 1 is True Statement 2 is True; Statement 2 is 
NOT a correct explanation for Statement 1. 
(C) Statement 1 is True, Statement 2 is False. 
(D) Statement 1 is False, Statement 2 is True. 


1. Statement 1: The number of the nearest neighbors of any 
constituent particle is called its coordination number. 


Statement 2: Coordination number of atoms in a cubic 
close packed structure is 8. 


2. Statement 1: A tetrahedral void is formed when one sphere 
(or particle) is placed in the depression formed by three 
particles placed in a plane. 


Statement 2: The empty space at the center of six spheres 
placed octahedrally is the octahedral void. 


3. Statement 1: Due to Frenkel defect, there is no effect on 
the density of crystalline solid. 


Statement 2: In Frenkel defect, no cation or anion leaves 
the crystal. 


4. Statement 1: In close packing of spheres, a tetrahedral void 
is surrounded by four spheres, whereas an octahedral void 
is surrounded by six spheres. 


Statement 2: A tetrahedral void has a tetrahedral shape, 
whereas an octahedral void has an octahedral shape. 


5. Statement 1: In hcp, voids are between three touching 
spheres whose centers lie at the corners of an equilateral 
triangle. 


Statement 2: In hcp, voids are called as square voids. 
6. Statement 1: The effective number of octahedral voids in 
cep structure is 4 per unit cell. 


Statement 2: In the ccp structure, there is one octahedral 
void in the center of the body and 12 octahedral voids on 
the 12 edges of the cube and each of these edge-based 
voids is shared by four unit cells. 


7. Statement 1; Due to the presence of strong coulombic 
forces between the ions, and close-packed structure, ionic 
solids are hard. 


Statement 2: In ionic solids, the shearing stress is different 
in different directions. 


8. Statement 1: In AgCl crystal, Frenkel defect can be 
observed. 


Statement 2: Ag" is a small sized atom. 
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Additional Objective Questions 


9. Statement 1: In hexagonal close packing, the third layer 
duplicates the first layer. 


Statement 2: In hcp, the pattern is ABABAB.... 


10. Statement 1: The melting point decreases in the order: 
Water > ethyl alcohol > diethylether > methane. 


Statement 2: The strength of the intermolecular forces 
between these molecules follow the order water > ethyl 
alcohol > diethylether > methane. 


11. Statement 1: In primitive unit cell, the number of octahe- 
dral voids is 1. 


Statement 2: The number of octahedral voids in a unit cell 
containing in it, is equal to the number of atoms the unit 
cell contains. 


12. Statement 1: Glass is an amorphous material, whereas 
quartz is a crystalline substance. 


Statement 2: Glass has only short-range order, whereas 
quartz has a long-range order. 


13. Statement 1: The 8:8 coordination of CsCl at low tempera- 
ture changes to 6:6 coordination at 760K. 


Statement 2: Temperature also influences the structure of 
solid. 


14. Statement 1: Octahedral holes are present at edge center 
and at body center in fcc unit cell. 


Statement 2: Contribution of holes (octahedral) at edge 
center is (1/4) and that at body center is 1. 


15. Statement 1: The stability of a crystal gets reflected in its 
melting point. 


Statement 2: The stability of a crystal depends upon the 
strength of the interparticle attractive force. The melting 
point of a solid depends on the strength of the attractive 
force acting between the constituent particles. 


Comprehension Type 


Read the paragraphs and answer the questions that follow. 


Paragraph I 

In a primitive cubic unit cell, all the eight corners of the cube 
are occupied by the same atoms/ions and not found anywhere 
else in the cube. The number of atoms within a unit cell is 
called the rank of a unit cell. For primitive cubic unit cell, the 
rank (z) is 1. In a bec, the same atoms/ions are present at all 
the eight corners of a cube and one atom/ion is also present at 
the center of the cube. These atoms/ions are not present any- 
where else in the cube. The rank of a bcc is 2. In an fcc, the same 
atoms/ions are present at all the corners of the cube and are 
also present at the center of each square face. These atoms/ions 
are not present anywhere else in the unit cell. The rank of an 
fec is 4. 


1. How many unit cells are present in 39 g of potassium that 
crystallizes in bec structure (atomic mass of K = 39u)? 
(A) 0.5 Na (B) 0.25 Ny 
(C) Ny (D) 0.75 Ny 


where N, means Avogadro’s constant. 
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2. Licrystallizes in bec. The edge length of unit cell is 351 pm. 
What would be radius of Li atom? 
(A) 151.98 pm (B) 273 pm 
(C) 290 pm (D) 76 pm 

3. Sodium crystallizes in bec lattice. If the length of the edge 
of the unit cell is 424 pm, density of sodium is (atomic mass 
of sodium = 23 u) 
(A) 10.4 g cm? 
(C) 50.4gcm™ 


(B) 1.002 g cm™ 
(D) none of these 


Paragraph IT 

Solids have an ordered arrangement of atoms, but they do not 
possess a perfect structure. There imperfections or defects in 
their structure are of different types — point defects and line 
defects. Point defects are of three types — stoichiometric defects, 
impurity defects and non-stoichiometric defects. 

The two types of stoichiometric defects are vacancy defects 
and interstitial defects. In ionic solids, these defects are present 
as Frenkel and Schottky defects. 

Non-stoichiometric defects are of metal excess type and 
metal deficient type. Some solids are difficult to prepare in the 
stoichiometric composition, for example, pure FeO is difficult to 
obtain and normally we get a composition of Fe,,,O but it may 
range from Fe,,;0 to Fe),,O. ZnO is normally a white, finely 
divided material with the Wurtzite structure. On heating, the 
color changes to yellow due to the evaporation of oxygen from 
the lattice to give a non-stoichiometric phase. This produces 
lattice defects which trap electrons that can subsequently be 
excited by absorption of visible light. Defects are introduced in 
ionic solids by adding ions having different charge from that of 
constituting ions. 

Impurity defects occur when a molten metal containing 
impurities is crystallized, the impurity occupies the sites of the 
metal. In ionic solids, when the ionic impurity has a different 
valence than the main compound, some vacancies are created. 
Sometimes calculated amounts of impurities are introduced by 
doping in semiconductors that change their electrical proper- 
ties. These are widely used in electronics industry. Solids show 
magnetic properties such as paramagnetism, diamagnetism, fer- 
romagnetism, antiferromagnetism and ferrimagnetism. 


4. In the presence of Frenkel defects in a crystal, the density 
of the crystal 
(A) decreases. 
(B) increases. 
(C) does not change. 
(D) increases or decreases depends on material. 


5. Yellow form of ZnO shows enhanced electrical conductiv- 
ity due to 
(A) the elections trapped in neighborhood of excess metal 
accommodated interstitially. 
(B) an excess of O* ions. 
(C) an excess of metal ions accommodated interstitially. 
(D) high temperature. 


6. When a Group 13 element is added in small amounts to 
germanium, we get 
(A) n-type semiconductors. 
(B) p-type semiconductors. 
(C) insulators. 
(D) rectifiers. 
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7. Fe),;0 can be due to presence of iron in +2 and +3 oxi- 
dation numbers. Then iron present in +3 oxidation state 
will be 
(A) 15% 
(C) 10.5 % 


(B) 13.5% 
(D) 8.85% 


8. An atom containing an odd number of electrons is 
(A) paramagnetic. (B) diamagnetic. 
(C) ferromagnetic. (D) antiferromagnetic. 


9. If AgClis doped with 10“ mol% of CdCL,, then the concen- 
tration of cation vacancies per mol will be 
(A) 6.02 x 10”° (B) 6.02 x 10” 
(C) 6.02 x 10" (D) 6.02 x 10" 


Paragraph II 
Density of a unit cell is the same as the density of the substance. 
So, if the density of the substance is known, we can calculate 
the number of atoms or dimensions of the unit cell. The den- 
sity of the unit cell is related to its mass (M), number of atoms 
per unit cell (z), edge length (a in cm), and Avogadro’s constant 
N, as: 

_ zxM 

axN A 


10. An element X crystallizes in a structure having an fcc unit 
cell of an edge 100 pm. If 24 g of the element contains 24 x 
10” atoms, the density is 
(A) 2.40gcem™ 
(C) 4g¢cm™ 


(B) 40gcem* 
(D) 24gcm™* 


11. The number of atoms present in 100 g of a bcc crystal 
(density = 12.5 g cm”) having cell edge 200 pm is 
(A) 1x 10” (B) 1x10” 
(C) 2x 10" (D) 2x10” 


12. A metal A (atomic mass = 60u) has a body centered cubic 
crystal structure. The density of the metal is 4.2 g cm”. The 
volume of unit cell is 
(A) 8.2 x 10 cm? 
(C) 3.86 x 10 cm? 


(B) 4.74x 10cm? 
(D) None of these. 


Integer Answer Type 


The answer is a non-negative integer. 


1. In hexagonal primitive unit cell, the corner is shared by 
atoms. 


2. How many octahedral voids are present per unit cell in an 
fec arrangement of particles? 


3. What will be the coordination number of Ca” ion in a fluo- 
rite crystal? 


4. How many molecules of NaCl are there in an unit cell of its 
crystal? 


5. Iron(II) oxide has a cubic structure and each unit cell 
has side 500pm. If the density of the oxide is 4gcm”, 
the number of oxide ions present in each unit cell is 

. (Molar mass of FeO = 72 g mol", N, = 6.02 x 
10° moI".) 
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6. A atoms construct fcc type structure in which B atoms 


occupy all the octahedral voids. If all the atoms are 
removed from one of the face of unit cell, then the new 
empirical formula is A,B,. The value of (x + y) is 


. The rank of atoms in the hexagonal unit cell is 


. The radius of Ag* ion is 126 pm whereas that of I ion is 


216 pm. The coordination number of Ag in AgI is 


Matrix—Match Type 


1. Match the crystals with their structural characteristics. 


Column | Column II 

(A) ZnS crystal (p) fee 

(B) CaF, crystal (q) hep 

(C) NaCl crystal (r) Distance between closest 
particles is (V3/4 )a 

(D) Diamond crystal (s) Only one type of voids are 
occupied 


2. Match the structure/compound with the percentage of tet- 


rahedral and octahedral voids. 


Column Il 


(A) Normal spinel (p) 50% tetrahedral and 100% 
structure octahedral voids are unoccupied 


(B) Inverse spinel (q) 875% tetrahedral and 50% 
structure octahedral voids are occupied 


(C) Diamond (r) 100% tetrahedral void are 
occupied 


Column | 
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Answers 


(D) Na,O (s) 50% octahedral and 875% 


tetrahedral voids are unoccupied 


3. Match the imperfection in solids with the characteristic 


features. 
Column | Column II 
(A) Schottky defects (p) Excess cations occupy 


interstitial sites 


(B) Frenkel defects (q) Conduct electricity 


due to free electrons 


(C) Metal excess defects (r) Form p-type 


semiconductors 


(D) Metal deficient defects (s) Are non-stoichiometric 
defects 


4. Match the unit cells with their characteristics. 


Column | Column Il 

(A) sc (p) z= r= oe 
(B) bee (q) 2=2;r= 4 
(C) fee (r) zehr=> 
any hsp (8) 2=6r=5 


Review Questions 


covalent solids and molecular solids 


21. (a, f) Molecular; (b, c, g) ionic; (d) metallic; (e) covalent 


1. Metal cations 2. Categories are metallic solids, ionic solids, 
3. Impurity defects 
4. 74% 
5. (a) AB; (b) A,BC, 
7. Metallic solid 
9. Dipole—dipole interactions ieee: 
13, r=0.414R Behl 
16. (a) Ionic solids and alkali halides panies ies 
23. Four atoms 
26. 1/3; 1/9 aaa 
F 28. x,y and z axes 
29. S, — tetrahedral void, S, — octahedral 
void 30. Triclinic 


Numerical Problems 


1: 


1.6 x 10% cm 


3. 4.352 x 10°cm 
5. (a) 15458gcm™; (b) 15427gcem™ https://telegram.me/unacademplaSdiscounts 


2. 0.919 
4. 1.25x10%cm 
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7. 563.4 pm. 8. Schottky defect; 0.8% 
9. 352 pm or 3.52A 10. 2.475 A 
11. 0.676gcem™ 12. 2.16gcm™~ 
13. (a) 5.667 x 10° cm; (b) 1.001 x 10° cm 14. 0.477 nm 
15. 5.783 A 16. 9.033 x 10°; 6.022 x 10” 
17. 176 pm 


Additional Objective Questions 
Single Correct Choice Type 


1. (D) 2. (D) 3. (A) 4. (C) 5. (A) 

6. (B) 7. (A) 8. (C) 9. (C) 10. (B) 
11. (B) 12. (A) 13. (B) 14. (A) 15. (A) 
16. (D) 17. (C) 18. (A) 19. (B) 20. (A) 
21. (C) 22. (A) 23. (B) 24. (D) 25. (D) 
26. (D) 27. (C) 28. (B) 29. (B) 30. (A) 
31. (D) 32. (D) 33. (D) 34. (C) 35. (B) 
36. (C) 37. (B) 38. (C) 39. (B) 


Multiple Correct Choice Type 


1: (Ae DB) 2. (A,B) 3. (B,C) 4. (B,C,D) 5. (A,D) 
6. (A,C) 7. (A,D) 8. (A,B,C,D) 9. (B,C) 10. (B,C) 
11. (A,B,C) 12. (B,C) 13. (A,B,C) 14. (A,B,C) 15. (B,D) 
16. (A,B,C) 17. (B,D) 18. (A,B,D) 19. (A,C) 20. (A,B,C) 
21. (A,B,C,D) 22. (A,B,C) 23. (A,C) 24. (A,C) 25. (B,D) 
26. (A,C) 27. (A,B,C,D) 


Assertion—Reasoning Type 


, Pace) 2. (B) 3. (A) 4. (B) 5. (C) 
6. (A) 7. (B) 8. (A) 9. (A) 10. (A) 
11. (D) 12. (B) 13. (A) 14. (A) 15. (A) 
Comprehension Type 

1. (A) 2. (C) 3. (A) 4. (C) 5. (A) 
6. (B) 7. (C) 8. (A) 9. (B) 10. (B) 
11. (C) 12. (B) 

Integer Answer Type 

1. (6) 2. (4) 3. (8) 4. (4) 5. (4) 
6. (6) 7. (6) 8. (6) 


Matrix—Match Type 
1. A> (p,q,1,s);B > (p,r,s),C > (p,s), D > (p,r,s) 2. A (q);B > (s),C > (p), D > (1) 
3. A> (q);B > (p, q), C > (p, q, s),D > (r, s) 4. A > (r);B > (q),C >(p),D > (s) 
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Atomic Structure 


The concept of the atom — a particle so small that until recently it 
could not be seen even with the most powerful microscope — and 
the subsequent determination of its structure stand among the 
greatest creative intellectual human achievements. A fundamental 
question concerned the fact that classical physics predicted that 
atoms simply could not exist. 

The earliest theories about atoms imagined them to be inde- 
structible and totally unable to be broken into smaller pieces. The 
diameter of a single atom ranges from 0.1 to0.5nm (1nm=1x10"m). 
Dalton’s theory offered logical explanation of many experimental 
observations and laws that were known at the time, such as — the 
law of conservation of mass, law of constant composition and law of 
multiple proportion. It, however, failed to explain certain observa- 
tions about properties of materials, such as the ability of glass or 
ebonite rod to generate electricity when rubbed with silk or fur. 
Now we know that, atoms are not quite as indestructible as Dalton 
had postulated. During the late 1800s and early 1900s, experiments 
were performed which demonstrated that atoms are composed of 
subatomic particles. Many subatomic particles were discovered in 
the 20th century; however, we will study about electrons, protons 
and neutrons in detail. 

Emerging studies of particles, such as electrons, passing through 
very small openings gave results (diffraction patterns) that could 
only be explained if we regarded particles as waves. This led to 
the concept of the wave-particle duality of matter and energy. The 
above problems with classical physics made it clear that an entirely 
new set of concepts would be needed to define modern physics and 
chemistry. These concepts are commonly called wave mechanics, 
quantum mechanics, or quantum theory and they are now a corner- 
stone of modern chemistry. This chapter begins with experiments 
leading to understanding of atom and the subatomic particles. 
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It further describes the electronic configurations and relates these to the differences in the physical and chemical 
properties of elements and in the nature of compounds formed by them. 

Light emitted from atoms gives us clues about how electrons are arranged within an atom. At the same time an 
understanding of standing waves develops insights to explain why atoms do not collapse. Therefore, this chapter intro- 
duces quantum mechanics by describing the nature of electromagnetic radiation. 


5.1 | DISCOVERY OF ELECTRON 


In the later part of the nineteenth century, scientists began to experiment with glass tubes in which a high-voltage 
electric current was passed through a gas at low pressure. Under ordinary conditions, gases are poor conductors of 
electricity, however when a high voltage is applied to them at low pressure, the gases behave as conductors and current 
flows through them in the form of rays, which interact with the glass tube and cause the glass tube to glow. This flow 
of electricity is called an electric discharge, and so the tube is called discharge tube. The existence of these rays was 
studied first by William Crookes in 1879 using discharge tube, which is a long glass tube, sealed at both the ends and 
fitted with two metal electrodes. It is also known as Crookes tube. The tubes are connected to a vacuum pump which 
is used to reduce the pressure of gas in the tube. 


Note: The electrical discharge could be observed only at very low pressures and high voltage. The pressure could be 
adjusted for the gases by evacuation. 


Tests soon revealed that these rays were, in fact, negatively charged To vacuum pump 
particles moving from the negative electrode (the cathode) to the Fluorescent 
positive electrode (the anode). It was Benjamin Franklin who decided | | coating 
which electrode was positive and which was negative. These rays were 
called emissions rays, and because the rays came from the cathode, they 
were called cathode rays. If a hole is made in the anode, the flow of the 
current from cathode to anode may be checked. If the tube behind the 
anode is coated with zinc sulphide, then a bright spot on the coating is nt 
developed (Fig. 5.1). High voltage 


Cathode — 


Figure 5.1 A perforated anode ina 
Thomson Experiment - Determination of Mass cathode ray discharge tube. 


to Charge Ratio 

In 1897 the British physicist J.J. Thomson constructed a special cathode ray tube to make quantitative measurements 
[the ratio of electrical charge (e) to the mass of electron (m,)] of the properties of cathode rays. In some ways, the 
cathode ray tube he used was similar to a TV picture tube, as shown in Fig. 5.2. In Thomson’s tube, a beam of cathode 


rays was focused on a glass surface coated with a phosphor; this surface glows when the cathode rays strike on it. The 
results of these experiments established the following properties of cathode rays: 


1. These cathode rays flow from cathode to anode in straight line, unless influenced by electrical or magnetic fields. 


2. These rays are not visible as such and can be detected by fluorescent or phosphorescent materials which glow 
when these rays fall on them. 


3. That cathode rays are negatively charged. This can be proved since they behave like negatively charged particles 
under the influence of electric and magnetic fields. 


4. The experiments performed using the cathode ray tube demonstrated that cathode ray particles are in all matter. 
They are, in fact, electrons. The properties of electrons are independent of electrode material and nature of the 
gas. 


5. Cathode rays are made up of material particles and this was demonstrated by the fact that they could rotate the 
light paddlewheel mounted on an axle. 


6. When the cathode rays strike the metal foil, it becomes heated, showing that cathode rays produce heating effect. 
7. They show penetrating effect and ionize the gas through which they pass. This property is exploited in making 
television sets containing cathode ray tubes. 
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The cathode ray beam passed between the poles of a magnet and between a pair of metal electrodes that could be 
given electrical charges. When electrical or magnetic fields are applied perpendicular to the path of charged particles, 
they deviate from their path and the amount of deviation depends on: 


1. The magnitude of charge on the particle. Greater the magnitude of charge, greater is the interaction with the field, 
and hence higher is the deviation. 


2. The mass of the charged particle. Heavier particles are deviated to a lesser extent. 
3. The strength of the magnetic field or the voltage applied across the path of the charged particles. 


The magnetic field tends to bend the beam in one direction (see property 2) whereas the charged electrodes bend 
the beam in the opposite direction (see property 3). By adjusting the charge on the electrodes, the two effects can be 
made to cancel, and from the amount of charge on the electrodes required to balance the effect of the magnetic field, 
Thomson was able to calculate the first bit of quantitative information about a cathode ray particle — the ratio of its 
charge to its mass as 1.758820 x 10'' C kg, where the coulomb (C) is a standard unit of electrical charge. The particles 
are negatively charged so the charge on the electron is —e. Therefore, 


= 1.758820 x10" C kg 
m 


e 


where m, is the mass of the electron. 


Note: Heating effect « m and penetrating effect « , 
m 


Metal plate 


Magnet 


Figure 5.2 Thomson's cathode ray tube. 


Millikan Oil Drop Experiment — Charge on an Electron 


In 1909, Robert Millikan, a researcher at the University of Chicago, designed an experiment in which he sprayed a 
fine mist of oil droplets above a pair of parallel metal plates, the top one of which had a small hole in it. As the oil 
drops settled, some passed through this hole into the space between the plates, where he irradiated them briefly with 
X-rays. The X-rays knocked off electrons from molecules in the air, and the electrons attached to the oil drops, which 
thereby were given an electrical charge. By observing the rate of fall of the charged drops, both when the metal plates 
were electrically charged and when they were not, Millikan was able to calculate the amount of charge carried by 
each drop. When he examined his results, he found that all the values he obtained were whole number multiples of 


~1.60 x 10" C. He reasoned that since a drop could only pick up whole numbers of electrons, this value must be the 
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charge carried by each individual electron. This concept is called quantization of charge, according to which charge of 
any particle can be expressed as integral multiple of electronic charge (e). Thus, 


q=n(e) 
where n =... -3,-2,-1,0,1,2,3.... ande=16x10°C. 


Presently, the accepted value of charge is —1.6022 x 10°” C. Once Millikan had measured the electron’s charge, its 
mass could then be calculated from Thomson’s charge-to-mass ratio. This mass was calculated to be 9.09 x 10 g. 
More precise measurements have since been made, and the mass of the electron is currently reported to be 
9.109410 x 10 kg. 


5.2 | DISCOVERY OF PROTONS AND NEUTRONS 


Protons were first observed by Goldstein but their nature was discovered by Thomson. To study these, a modification 
was made in the construction of the cathode ray tube to produce a new device called a mass spectrometer. This apparatus 
was used to measure the charge-to-mass ratios of positive ions. (The removal of electrons from an atom gives a positively 
charged particle called an ion). These ratios were found to vary, depending on the chemical nature of the gas in the dis- 
charge tube, showing that their masses also varied. The positively charged particles are different from electrons. The rela- 
tive charge of a proton is equal in magnitude to that of an electron but opposite in sign (+1). Their charge-to-mass ratio 
depends on the nature of the gas from which they originate. They may also carry multiple fundamental units of electrical 
charge. Their pattern of behavior is opposite to that observed in electrons. The lightest positive particle observed was pro- 
duced when hydrogen was in the tube, and its mass was about 1837 times as heavy as an electron. The actual mass of pro- 
ton is 1.674 x 10 g. The mass of a proton is only very slightly less than that of a hydrogen atom. When other gases were 
used, their masses always seemed to be whole-number multiples of the mass observed for hydrogen atoms. This suggested 
the possibility that clusters of the positively charged particles made from hydrogen atoms made up the positively charged 
particles of other gases. The hydrogen atom, minus an electron, thus seemed to be a fundamental particle in all matter 
and was named the proton, after the Greek word proteios, meaning “of first importance” and was characterized in 1919. 

The estimation of mass of an atom based on the number protons, however, fell short of the actual mass of the 
atom and could account for only about half of the mass of the atom. This led to the suggestion for presence of another 
particle in the nucleus with mass close to or equal to that of proton, but was electrically neutral. The identity of these 
particles was established by British physicist, James Chadwick in 1932, based on some experimental observations of 
German physicists Walther Bothe and Herbert Becker in 1930. They noticed that when a-rays were beamed at beryl- 
lium, it emitted a neutral radiation that could penetrate 200 mm of lead. They assumed that this neutral radiation was 
from high-energy y-rays. Chadwick suggested that the radiation could not be y-rays and argued that to eject protons at 
such a high velocity, the rays must have energy higher than that of a-particles. He called these particles neutrons and 
proved his hypothesis by the following experiment. 


SHe+ {Be > “C+ jn 
He put a piece of beryllium in a vacuum chamber with some polonium. When the a-rays emitted by polonium struck 
beryllium, the neutral radiations were emitted. To establish their identity, he put a target in their path and when the 
rays hit the target, the atoms were knocked out. The atoms became electrically charged in the collision and were 
caught in a chamber filled with gas that acted as the detector. The number of atoms and their speed was estimated 
based on the current generated by the gas particles in the chamber, which are ionized by collision with the charged 


atoms. The mass of neutron was determined as 1.675 x 10™, that is nearly equal to that of proton. 
The important properties of fundamental particles are given in Table 5.1. 


Table 5.1 Properties of select particles 


Particle Electric charge (C) Mass 

Kilograms (kg) | Atomic mass units (u) 
Electron —1.60 x 10°? 9.109 382 x 10°" 5.485799 x 10° 
Proton +1.60 x 10” 1.672 622 x 10°” 1.007276 
Neutron 0 1.674 927 x 10°” 1.008665 
Hydrogen atom 0 1.673 534 x 1077 1.007825 
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In an atom, the negatively charged electrons are attracted to positively charged protons. In fact, it is this attraction 
that holds the electrons around the nucleus. Neutrons have no charge and are said to be electrically neutral (hence the 
name neutron). Because of their identical charges, electrons repel each other. The repulsions between the electrons 
keep them spread out throughout the volume of the atom, and it is the balance between the attractions the electrons 
feel towards the nucleus and the repulsions they feel towards each other that controls the sizes of atoms. Protons also 
repel each other, but they are able to stay together in the small volume of the nucleus because their repulsions are 
apparently offset by powerful nuclear forces that involve other subatomic particles. 


Anode Ray Experiment 


Since, penetrating power 1/m, therefore, the positive ions being heavier than electrons were not able to penetrate the 
cathode. In the ionization of gas, positive ions and electrons were formed. For example, He > He” + 2e. Electrons 
were detected in cathode rays but positive ions were not as they could not penetrate the cathode. Thus, a new experi- 
mental set-up consisting of the perforated cathode was done and the positive ions were now detected on the cathode 
side of the discharge tube (Fig. 5.3). Theses rays were known as anode rays. They consisted of the positive ions moving 
with much smaller speeds relative to electrons and were deflected by application of electric and magnetic fields. 


Perforated cathode 


Vaccum pumps 


1 
Cathode | Anode 
V = High voltage 
source 


Figure 5.3 Anode ray experiment. 


Note: Anode rays consist of the positive ions, not protons directly. 


The discussion of atomic structure that follows is based on the assumption that atoms contain only these principal 
subatomic particles. Nearly all the ordinary chemical properties of matter can be explained in terms of atoms consist- 
ing of electrons, protons and neutrons. 


Note: The research on subatomic particles over the years has shown that protons and neutrons are themselves 
composed of still smaller particles called quarks. The existence of quarks has led us to understand how the atomic 
nucleus stays together in spite of the presence of positively charged particles in close proximity. Quarks are, how- 
ever, unstable outside the confines of the nucleus. Many other subatomic particles, such as mesons, positrons, neu- 
trinos and antiprotons have been discovered, but it is not yet clear whether all these particles are actually present 
in the atom or whether they are produced by reactions occurring within the nucleus. The fields of atomic and high- 
energy physics have produced a long list of subatomic particles. 


5.3 | SOME PREREQUISITES OF PHYSICS 


Some important and useful relations among physical quantities relevant to atomic structure are listed as follows: 


1. Force between two charged particles 
|F| =k iit 
r 


where q, and q, are the charges on the particles and r is the distance between them. 
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2. Potential energy 


P.E.=k LL 
r 


3. Electrostatic force 


es 


=q E 
where q is the charge on the particle and F is the electric field acting on the charged particle. 


4. Magnetic force . 
|F,|=4vB 
where gq is the charge on the particle moving with velocity v and B is the magnetic field acting on the charged 
particle, assuming ¥ and B are perpendicular to each other. 


5. Angular momentum 
\Z|= mor 
where m is the mass of the particle moving with the velocity v in a circular path of radius r. 


6. Centripetal acceleration of a particle moving in a circular path of radius r with velocity v. 


jaj=" 
r 


5.4 | ATOMIC MODELS 


Scientists such as Thomson, Rutherford, Becquerel, Curie and Roentgen and 
others have contributed to the current model of the atom and explained the 
distribution of charged particles within the atom. Two of these models pro- 
posed by Thomson and Rutherford are discussed as follows. 


Thomson Model of Atom 


In 1898, Thomson proposed a model of the atom in which, the electrons are 
negatively charged particles embedded in the atomic sphere of approxi- 
mate radius 107"’ m (Fig. 5.4). Since atoms are electrically neutral, the sphere 
also contains an equal number of positive charges. The positive charge was 
assumed to be spread throughout the atom, forming a kind of pudding in 
which the negative electrons were suspended like plums, hence the name 
plum pudding model. The mass of the atom is thus assumed to be distributed 
uniformly over the atom. 


Figure 5.4 Thomson model of the 
atom. 


Note: The model is also known watermelon model because an atom could be visualized as a watermelon of positive 
charge with electrons as seeds embedded in it. 


Drawback: The model proposed by Thomson could explain the neutrality of an atom, but could not account for results 
for later experiments by Rutherford about distribution of mass. 


Rutherford’s Nuclear Model of Atom 


To understand Rutherford’s nuclear model of atom, let us first understand the nature of particles emitted by radioac- 
tive elements. These elements were found to emit three types of particles, w particles, B particles and y-rays. 


1. An @ particle is a relatively slow-moving decay product consisting of two protons and two neutrons. It has the 
lowest penetration power. 


2. A # particle is a fast-moving electron that is ejected from an unstable nucleus. The electron is produced when a 
neutron transforms into a proton and electron. 
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3. A ray is the packet of electromagnetic energy released when a nucleus remains unstable after a or #-decay. 
y-rays travel at the speed of light and carry no charge. This has the highest penetration power. 


At the turn of the 20th century, Ernest Rutherford became interested in the a particles emitted by uranium metal and 
its compounds. Rutherford found that a particles were absorbed by a thin sheet of metal, but they could pass through 
metal foil if it was thin enough. 

Rutherford noticed that a narrow beam of a particles was broadened as it passed through the metal foil. Working 
with his assistant Hans Geiger, Rutherford measured the angle through which the @ particles were scattered by a 
thin piece of metal foil. He used a gold foil because gold being unusually ductile can be made into a foil that is only 
0.00004 cm (or about 2000 atoms) thick. The thin gold foil had a circular fluorescent zinc sulphide screen around it 
which emitted light flash whenever a@ particles struck the screen. When the foil was bombarded with a@ particles, the 
a particle had a considerable mass (for a subatomic particle) and it moved quite rapidly. 

Based on the Thomson’s model of the atom, Rutherford expected the @ particles to pass straight through the foil, since 
electrons with small mass could not deflect them and the positive charge was spread uniformly in the atom. Rutherford 
and Geiger found that for most of the particles, the angle of scattering was small of the order of 1°. These results were 
consistent with Rutherford’s expectations. However, further investigations by Marsden found that not all particles pass 
straight through the foil. Some of them are deflected at small angles and a small fraction (perhaps 1 in 20,000) of the a 
particles were scattered through angles larger than 90° (nearly 180°), that is, they retraced their path [Fig. 5.5(a)]. 


Thin piece of 
metal (gold) 
| 


foi 


(a) (b) 


Figure 5.5 (a) A block diagram of the Rutherford—Marsden-Geiger experiment. (b) Passage of particles through 
the nucleus. 


Rutherford found that he could explain Marsden’s results by assuming that the positive charge and most of the mass 
of an atom are concentrated in a small fraction of the total volume, which he called the nucleus. Based on this, he 
explained the experimental observations as follows: 


1. Most of the @ particles were able to pass through the gold foil without encountering anything large enough to 
significantly deflect their path. 

2. Asmall fraction of the a particles came close to the nucleus of a gold atom as they passed through the foil. When 
this happened, the force of repulsion between the positively charged a@ particle and the nucleus deflected the a 
particle by a small angle, as shown in Fig. 5.5(b). 

3. Occasionally, an a@ particle travelled along a path that would eventually lead to a direct collision with the nucleus 
of one of the 2000 or so atoms it had to pass through. When this happened, repulsion between the nucleus and the 
a particle deflected the a@ particle through an angle of 90° or more. 

4. Rutherford was able to estimate the size of the nucleus and according to his calculations, the radius of the nucleus 
is at least 10,000 times smaller than the radius of the atom. If the radius of the atom is about 10° m, then the 
radius of the nucleus is 107 m. 


1 
R=R,(A) 


where R is the radius of the nucleus, R, = 1.33 x 10° and A is the mass of the atom. 
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Note: Consider that an @ particle of mass m moves towards the nucleus with velocity v at any given time as shown 
is Fig. 5.6. 


Moving with 
_27 velocity v 
Vv 
—a SSO) a 
a particle se 
(Ma = mass of a particle) ve | 
Nucleus with atomic no. = Z 

Angle of 


fate (or Gold nucleus) 
deviation from 


the original path of the 
a particle 


Figure 5.6 Alpha particle moving towards nucleus with velocity v. 


N(0) = Number of @ particles with deviation 6. For example, N(45) = number of @ particles with deviation 45°. 
Now, since @ is the deviation, we have 


0<@<180° (as maximum deviation = 180°) 


1 


It is ob d that N(@) « ————. 
is observed tha (0) sin'(61) 


Therefore, as 9 increases, 6/2 increases and, N(@) decreases. 


Hence, N(0) is maximum, that is, number of particles with no deviations is maximum. In other words, most of the a 
particles passed through the gold foil without any deviation. 

N(180) is minimum, that is, number of particles with 180° deviation is minimum. In other words, very few a 
particles were deflected by 180°. 


Impact Parameter (5) 

To find the impact parameter, draw a line of motion of the a particles by extending its path in the direction of veloc- 
ity. Then draw a parallel line to this line of motion passing through the center of the nucleus (Fig. 5.7). The shortest 
distance between two lines is known as the impact parameter (b). 


or 
«particle ~~~ Sc, ; , 
~-.__ Line of motion 
ee Gold 
Soa nucleus 


Angle of = 
deviation for a particle 


Figure 5.7 Determining impact factor. 
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It is observed that 
1 


tan? (#) 
2 


0<@<180° 


0<2 <9 
2 


be 


As @ increases, 9/2 increases and b decreases. As b decreases or distance of a particles to the center of the gold 
nucleus decreases, its deviation increases. This means that a@ particles which are close to the nucleus are bound to 
deflect more than a@ particles which are farther from the nucleus. 


Distance of Closest Approach 


When the @ particles move towards the nucleus at a certain point its velocity becomes zero momentarily. At this 


point, the distance of @ particles from the center of the nucleus is known as the distance of closest approach 
(Fig. 5.8). 


+2e 
ris very large 
m, (| }eeeeee > V ---------------------------- 
7 C) r C) 
a particle \ Ze 


\ (rest) 
Moving with velocity v 


Figure 5.8 Determining distance of closest approach. 
There are few assumptions in calculating the distance of closest approach. 
1. There are no external forces acting on the system. Thus, the total energy (K.E. + PE.) of the system is constant. 


2. Initially the a particles are at a very large distance from the nucleus. 


Calculation 
Consider Fig. 5.9 as shown below. 


v=0 
© cea aes 
pt Bec ie Srcscccensecnann 
a particle Ze 
v (rest) 


Distance of closest approach 


Figure 5.9 Distance of closest approach. 


(Total Energy); =(K.E.), +(P.E.) 


i i 


1 K(Qe\(Z 
_1 a, KQe)(Ze) 
r 
Therefore, 
AkZe’ 
Fain = 9: 
m,V 
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On the basis of the observations and conclusions of his experiment, Rutherford proposed the nuclear model of an 
atom. The important postulates of this model were: 


1. The positive charge and most of the mass of the atom is concentrated in a small region of the atom, which he 
called nucleus. The vast majority of the volume of an atom is, therefore, empty space. 


2. The electrons surrounded the nucleus and moved at a high speed around the nucleus in circular paths called 
orbits. This part of atom outside the nucleus in which the electrons are distributed is known as extra-nuclear part. 


3. The electrons and nucleus were held together by the electrostatic forces. Electrons do not collapse into the nucleus 
due to this force of attraction, because the revolving of electrons around the nucleus produces centrifugal force 
that balances the force of attraction. 


Drawbacks of Rutherford Model 


The nuclear model proposed for the atom by Rutherford can be visualized as a small-scale solar system in which 
the nucleus (heavy) is like the sun in the center with electrons (lighter) revolving around in orbits like planets. This 
model of the atom works reasonably well — in fact, it continues to be used to visualize a variety of chemical con- 
cepts. However, there are several drawbacks associated with this atomic model proposed by Rutherford and these are 
discussed as follows. 


1. It could not explain the stability of the atom. According to this model, 
electrons revolve around the positively charged nucleus in circular orbits. 
According to Maxwell’s classical electromagnetic theory, accelerated 
charged particles radiate energy. the negatively charged particle must 
be attracted towards the positively charged nucleus. Due to this attrac- 
tive force, the radius of the circular path of the electrons must decrease 
continuously and ultimately the electron should fall into the nucleus. 
(Fig. 5.10) in 10s. However, this does not actually happen and electrons 
do not fall into nucleus. Rutherford’s model was not able to explain the 


stability of atoms. 
Figure 5.10 Decreasing radius of 


2. It was not able to explain the line spectra for various elements. : 
circular path of electrons. 


3. This model was unable to explain the energies of electrons and their 
distribution around the nucleus. 


Solved Example 


Assume that a circle 1 cm in diameter is used to represent Solution 
the nucleus of an atom. Calculate the size of the circle 
that would have to be used to represent the diameter of 
the atom. 


According to Rutherford model, the radius of the nucleus 
is at least 10* times smaller than the radius of the atom. 
Given that radius of nucleus = 0.5 cm. Therefore the radius 
of atom = 0.5 x 10‘ cm. Hence, the diameter of the circle 
used to represent diameter of atom = 1 x 10*cm= 100 m. 


Solved Example 


With what velocity should an a-particle travel towards Solution 
the nucleus of copper atom so that it arrives ata distance We have the relation 
of 10° m from copper nucleus? 1 AZe? 
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appl the lca of closest beans pais aes ve i : 4x 29x (1.610)? 
= *m an or copper = 29. Substituting these = = zl 

valies and =e x0" ae =4 x 1.67 x 10” ke and eS urmenne * x bonnet aan 
8.85 x 10’ C* Nm”, we get v? =2x0.199x10 m’s? > v=6.30x10% ms” 


Solved Example | 5-3 | 


Nuclear radius is of the order of 10°’? cm while atomic Solution 
radius is of the order of 10° cm. Assuming the nucleus 
and the atom to be spherical, what fraction of the atomic 
volume is occupied by the nucleus? Nuclear volume _ 4/3 (10)? ~1075 
Atomicvolume  4/37(10~)? 


Fraction of atomic volume occupied by a nucleus = 


5.5 | REPRESENTATION OF ATOM WITH ELECTRONS AND NEUTRONS 


In 1913, Moseley studied the frequencies of the X-rays given off when the electrons in the cathode ray tube strike 
the anode made with different elements. He found that wavelength of X-ray decreases in the regular way on 
moving from the lighter to heavier element. He formulated the relationship as Moseley’s law and expressed it math- 
ematically as 


ve«(Z-1)” or Vv =a(Z-b) 


where a and b are constants and Z is the atomic number. He concluded that since the frequencies of the X-ray 
emitted depend on the charge on the nucleus; therefore, Z is a fundamental property of an atom and named it as 
atomic number. It was equal to the positive charge (charge on nucleus) of an atom. 

To understand the representation of atoms with protons, neutrons and electrons, let us consider the atoms of the 
element copper. Most atoms are composed of a nucleus containing a total of 63 nucleons (protons and neutrons), of 
which 29 are protons and 34 are neutrons. The atom also contains 29 electrons that exactly balance the positive charge 
of the protons, resulting in a neutral atom. The number of protons in the nucleus (which is equal to the total positive 
charge) is the atom’s atomic number (Z). It is also equal to the number of electrons in the neutral atom. The total 
number of nucleons (protons and neutrons) is called the mass number (A). Therefore, this particular copper atom has 
an atomic number of 29 and a mass number of 63. An atom can be represented as 4 X where X represents the symbol 
of the element, and A and Z represent the mass number and atomic number, respectively. 


Isobars and Isotopes 


The atoms which have same mass number but different atomic numbers are called isobars. There are other copper 
atoms that are not exactly the same, however. These atoms of copper have a mass number of 65 rather than 63. This 
means that these atoms have 36 neutrons as well as 29 protons. An atom of a specific element with a specific mass 
number is known as an isotope. The isotopes of an element have the same atomic number but different mass numbers. 
The difference in isotopes exists because of the difference in the number of neutrons. Carbon, for example, has three 
naturally occurring isotopes: °C, °C and “C. Now, ’C has 6 protons and 6 neutrons; °C has 6 protons and 7 neutrons; 
“C has 6 protons and 8 neutrons. 


Note: The graphite in a pencil contains a mixture of C, °C and “C atoms. The three isotopes, however, do not occur 
to the same extent. Most of the atoms (98.892%) are '’C, a small percentage (1.108%) is °C, and only about 1 in 10” 
is the radioactive isotope of carbon, '“C. The percentage of atoms occurring as a given isotope is referred to as the 
natural abundance of that isotope. 
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Most elements that are present in nature exist as a mixture of isotopes. It is the atomic number, however, that distin- 
guishes one element from another. Any atom with an atomic number of 29, regardless of any other consideration, is an 
atom of copper. If the atomic number is 28, the element is nickel; if it is 30, the element is zinc. 

Specific isotopes are written in a form known as isotopic notation. In isotopic notation, the mass number is 
written as a superscript to the left of the element. Sometimes, the atomic number is written as a subscript, also on 
the left. 


Note: The chemical properties are dependent on the number of electrons which in turn depends on the number of 
protons. The number of protons in the nucleus of an atom determines the identity of the atom. So, all isotopes show 
similar chemical properties. As a result, all atoms of an element must have the same number of protons. But they 
do not have to contain the same number of neutrons. 


Atoms or ions containing same number of electrons are called isoelectronic species. For example, F’, Na’, Me”, Al*, 
Ne. 


Isotones, Isodiaphers and Nuclear Isomers 


Two nuclei having the same number of neutrons or same value of (A—Z) are called isotones they differ in their atomic 
number and mass number but contain the same number of neutrons. For example, ’B and ?°C are isotones. 


Element PB ae 
A 12 13 
LZ 
A-Z 


Two nuclei with the same difference between number of neutrons and protons or having same value of (A—Z)-Z or 
(A-2Z) are called isodiaphers. For example, ;’Th and 5;°U are isodiaphers. 


Element Th aU 
A 234 238 
Z, 90 92 
A-2Z 54 54 


When two nuclei have the same A and Z but different characteristics, they are called nuclear isomers. For example, 
“N and #C are nuclear isomers. 


Solved Example | 5-4 | 


The number of electrons, protons and neutrons in a Atomic mass number = number of protons + number of 
species are equal to 18, 16 and 16, respectively. Assign the neutrons 
proper symbol to the species. = 16 +16 = 32. 


Solution Species is not neutral as the number of protons is not 


equal to electrons. It is an anion (negatively charged) with 
The atomic number is equal to number of protons = 16. charge equal to excess electrons = 18 — 16 = 2. 


The element is sulphur (S). 5 bol is 22S2- 
o, symbol is ;;.S~. 
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Note: Before using the notation 7X, find out whether the species is a neutral atom, a cation or an anion. If it is a 
neutral atom, equation is valid, that is, number of protons = number of electrons = atomic number. If the species is 
an ion, determine whether the number of protons are larger (cation, positive ion) or smaller (anion, negative ion) 
than the number of electrons is always given by A — Z whether the species is neutral or ion. 


Solved Example | 5-5 | 


Naturally occurring boron consists of two isotopes whose 10.81 = 11.017 + 10.01 (1 - x) 
atomic weights are 10.01 and 11.01. The atomic weight of — 10.81 —11.01x+10.01 —10.01x 
natural boron is 10.81. Calculate the percentage of each _ _ _ 
isotope in natural boron. (IIT-JEE 1978) = ee DD O80 
Therefore, the percentage of each isotope in natural 
Solution boron is 80%. 


Average mass = Mass of isotope A x Mole fraction of A 
+ Mass of isotope B x Mole fraction of B 


Solved Example | 5-6 | 


aps =a Y. Find out the atomic number, mass number Solution 
+6 


(IIT-JEE 2004) As per the reaction, the mass number of Y = 234-7x4 
(from @ particle) + 6 x 0 (from B particle) = 206. 

The atomic number of Y = 92 —7 x 2 (from a-particle) 

+6 x 1 (from B particle) = 84. Hence, the isotope is ;!° Po. 


Solved Example [2] 


Calculate the number of protons and neutrons in the Solution 
nucleus and the number of electrons surrounding the 
nucleus of a };K atom. What are the atomic number and 
the mass number of this atom? 


of Y and identify the isotope. 


The atomic number and mass number are calculated as 
follows: 
Atomic number = Number of protons = 19 
Mass number = Protons + neutrons 
=19+20=39 


Solved Example | 5-8 | 


The relative atomic mass of an element is found to be 35.5. 37x _)4[ 35x 100—x \ _ 35.5 
There are two isotopes of chlorine }/Cl and ;7Cl. What is 100 ies 
the percentage of these two isotopes in the element? 37x +3500—35x = 3550 > x= 25 
Solution 


Therefore, percentage of {Cl is 25% and that of />Cl 
Let the percentage of isotope }7Cl be x, then the percent- is 75%. 

age of the isotope ;3Cl is (100 — x). Then the average mass 

is given by 
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Solved Example | 5-9 | 


Write the symbols of the isotopes that contain the follow- (c) An isotope of caesium whose atoms have 82 neutrons. 


ing. (Use the periodic table of atomic masses and num- (d) An isotope of fluorine whose atoms have 9 neutrons. 
bers for additional information, as needed.) 


(a) An isotope of iodine whose atoms have 78 neutrons. Solution 


(b) An isotope of strontium whose atoms have 52 (a) ST, (b) Sr, (ce) 2Cs, (d) '3F 
neutrons. 


Solved Example | 5-10) 


How many nucleons are present in an atom of Nobelium, unit of positive charge (charge = +1), and neutrons (no 
7 NOT charge). Hence, 

Number of nucleons present in 7}, No = 254 
Solution 


Nucleons are particles that make up the atomic nucleus 
and include the protons, each of which carries a single 


5.6 | NATURE OF WAVES 


Consider the displacement (oscillation) of a particle by transfer of energy as shown in Fig. 5.11. Then the related 
terms are defined as: 


A Crest 


Displacement 
from mean 
position 


> Time 


Amplitude 


Trough 


Figure 5.11 Displacement of a particle (oscillator) from the mean position as a function of time. 


Wave: An oscillation accompanied by a transfer of energy that travels through space and mass. 

Wavelength: Wavelength can be defined as the distance between two maxima of a wave. It is expressed in meters. It is 
denoted by A. 

Frequency: It is defined as the number of waves that pass a fixed point in unit time. It is expressed in s“ or Hz. It is 
denoted by v. 

Wavenumber: It is defined as the number of waves per unit distance. It is reciprocal of wavelength. It is denoted by v. 
Time period: The time taken for completion of one wave. It is expressed in s (second). It is denoted by T. 

Amplitude: It is defined as the maximum displacement of a wave from its mean position. 
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5.7 | NATURE OF ELECTROMAGNETIC RADIATION 


Rutherford’s model assumes that most of the mass and all of the positive charge of an atom are concentrated in an 
infinitesimally small nucleus surrounded by a sea of lightweight, negatively charged electrons. The next step in under- 
standing the structure of atom was to visualize how these electrons are distributed around the nucleus. Much of the 
understanding about the arrangement of electrons in an atom is based on the studies carried out on the interaction 
between matter and different forms of electromagnetic radiation. Neils Bohr, a Danish physicist, improved the model 
proposed by Rutherford based on the dual character of the electromagnetic radiation (having some of the properties 
of both a particle and a wave) and on atomic spectra. 


Wave Nature of Electromagnetic Radiation 


A series of groundbreaking experiments showed that classical physics does not correctly describe energy transfer by 
electromagnetic radiation. In 1870, Max Planck (1858-1947), a German physicist, proposed that electromagnetic radia- 
tion can be viewed as a stream of tiny packets or quanta of energy that were later called photons. Scientists divide 
matter into two categories, particles and waves. Particles are easy to understand because they have a measurable 
mass and they occupy space. Waves on the other hand have no mass and yet they carry energy as they travel through 
space. 

In the case of electromagnetic radiation, the disturbance can be a vibrating electric charge. When the charge oscil- 
lates, it produces a pulse in the electric field around it. As the electric field pulses, it creates a pulse in the magnetic field. 
The magnetic field pulse gives rise to yet another electric field pulse further away from the disturbance. The process 
continues, with a pulse in one field giving rise to a pulse in the other, and the resulting train of pulses in the electric and 
magnetic fields is called an electromagnetic wave. When an electromagnetic wave passes an object, the oscillating elec- 
tric and magnetic fields may interact with it. A tiny charged particle placed in the path of the wave will be moved back 
and forth by the oscillating electric and magnetic fields (Fig. 5.12). Thus, according to the electromagnetic wave theory, 
light is an electromagnetic wave consisting of electric and magnetic fields with continuous distribution of energy over 
the region in which the wave extends. 


XA y Electric field component 


- a Magnetic field 


component 


Figure 5.12 The electric and magnetic field components of an electromagnetic wave vibrating in two mutually 
perpendicular planes. The wavelength (A), frequency, speed and amplitude of both the components is the same. 


The energy associated with regions of the electromagnetic spectrum is related to wavelengths and frequency by the 
equation: 
_ he 

A 


E=hv 


where E = energy of the radiation in joules; / = Planck’s constant, 6.626 x 10“ J s; v = frequency of radiation in Hz and 
c = velocity of light, 2.998 x 10° ms. 
Light is one form of electromagnetic radiation and is usually classified by its wavelength, as shown in Fig. 5.13. 
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Figure 5.13 The electromagnetic spectrum. 


Solved Example 5-11 | 


Calculate the frequency of ted light that has a Wayelenert 700 si X =7.0x107 m 
of 700.0 nm if the speed of light is3 x 10°ms~. 10° nm 
Solution We can then substitute this wavelength and the speed of 


; light into the following equation: vA=c. 
The product of the frequency times the wavelength of any 


wave is equal to the speed with which the wave travels v(7.0x10" m)=3x10° ms* 
through space. In this case, the wave travels at the speed 
of light: 3 x 10° m s"'. Before we can calculate the fre- 
quency of the radiation, we have to convert the wave- 
length into units of meters. v= 4.28510" s™ 


We can then solve for the frequency of the light in units 
of cycles per second. 


Solved Example 5-12 | 


The frequency of red line in the spectrum of potassium Solution 
: 14 21 : . . 
is 3.91 x 10s”. Calculate the wavelength of this light in ‘The waveleupiveunbe caleulateds 
meters and nanometers. 


8 
jo yep a ora 
v 3.91x10 


Solved Example | 5-13 | 


An octave in a musical scale corresponds to a change in Solution 
the frequency of a note by a factor of 2. If a note with a 
frequency of 440 Hz is an “A? then the “A” one octave 
above this note has a frequency of 880 Hz. What happens 
to the wavelength of the sound as the frequency increases 
by a factor of 2? What happens to the speed at which the 
sound travels to your ear? 


As the frequency increased by a factor of 2, the wave- 
length is decreased by a factor of 2. The speed at which 
the sound travels to your ear remains constant at 
340 ms”. 
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Solved Example 5-14 | 


An electron is moving with wavelength 590 nm; calculate hc _ 6.626x10™ x3x 10° 


= = -19 
potential with which electron is accelerated. - y) 590x10° pe Ad 
Solution Now, é 

eV = 3.368 x 107 
The potential is calculated as 3.369x10- 
or V = ———__= 2.1056 V 


1.6x10° 


5.8 | PLANCK’S QUANTUM THEORY 


According to Planck’s quantum theory, energy of each electromagnetic wave is limited to discrete value and cannot be 
varied arbitrarily. This proposal contradicts classical physics according to which each oscillator has a fixed mean value 
of energy KT. 

According to Planck’s theory, energy is emitted or absorbed in the form of small packets. Each packet is known as 
quantum. In case of the electromagnetic radiation being light, this quantum of energy is known as photon. 

If energy of one packet = E,, it was observed that 


E,ov (Frequency of electromagnetic wave) 
E,=hv 
where h is the Planck’s constant (6.626 x 10 Js). 
If we have n photons with total energy E, then, 


Env) =!) 


where n = 0, 1, 2,3, ... 


This is known as the quantization of energy. : (Hz) 
<— Frequency v (Hz 


ar ee aoe a 
Blackbody Radiation hs Cals tis 
It was observed by the physicists that when solids are heated, they emit 
radiation over a wide range of wavelengths. For example, when an iron 
rod is heated in the furnace, it progressively changes to a stronger red 
color, then becomes white and turns blue when heated to even higher 
temperature. In terms of frequency, it implies that on progressive heat- 
ing, the frequency of energy emitted by the object rises from a lower 
to a higher value with increase in temperature. A body which can emit 
or absorb radiation of all frequencies is known as blackbody and the 
radiation emitted by it is known as blackbody radiation. 

At a given temperature, the spectral emissive power, of light emit- 
ted by a blackbody depends on the wavelength emitted. At a given 
temperature, the intensity of radiation emitted increases with increase ouV| | if as ie ah i: apna 
of wavelength, reaches a maximum value and then decreases with pars wavelength (amps 
further increase in wavelength. Furthermore, Wein found out that if MSI? 7 
we increase the temperature of the blackbody, the wavelength corre- Figure 5.14 Intensity of radiation emitted 
sponding to the most intense radiation decreases. Both these observa- as a function of wavelength or frequency 


tions are illustrated graphically in Fig. 5.14. at three different temperatures. 


Intensity 
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The first explanation for blackbody radiation was given by Max Planck. According to Planck’s quantum theory, 
energy is not continuous but is discrete. The smallest quantity of this energy is called quantum. The energy can be given 
as E = hv. This means that energy occurs in “packets” called quanta, of magnitude h/27, where h is Planck’s constant 
and its value is 6.626 x 10™ J s. With this theory, Planck was able to explain the distribution of intensity of radiation 
emitted by a blackbody as a function of wavelength or frequency at a given temperature. 


5.9 | SPECTRA —- CONTINUOUS AND DISCONTINUOUS SPECTRUM 


Atomic Spectra 


A spectrum is formed when the light from an object that has been heated to a very high temperature (such as the fila- 
ment in an electric light bulb) is split by a prism and displayed on a screen. A rainbow after a summer shower appears 
as a continuous spectrum that most people have seen. In this case, tiny water droplets in the air spread out the colors 
contained in sunlight. A visible spectrum is called a continuous spectrum (ranging from 75 x 10 Hz for violet to 
4x 10" Hz for red) because it contains a continuous unbroken distribution of light of all colors. The red light with the 
longest wavelength deviates the least, while the violet light with the shortest wavelength deviates the most. 

When electromagnetic radiation interacts with matter in form of atoms, molecules or ions, these absorb energy 
and are raised to higher energy level. When they return to the more stable ground state, the atoms and molecules emit 
energy in various regions of electromagnetic spectrum. The atoms of the given element always undergo the same spe- 
cific energy changes; this is because electrons can have only certain definitive amounts of energy. Hence, the energy at 
electronic level is quantized. 


Emission and Absorption Spectra 


The spectrum of radiation emitted by a substance that has adsorbed electromagnetic radiation is known as an emis- 
sion spectrum. To obtain an emission spectrum, a sample is either heated in a flame or irradiated with a beam of light, 
the atoms/molecules/ions of the sample absorb the energy from the radiation and are raised to unstable excited state. 
They revert to the more stable lower energy state by losing the absorbed energy and emitting radiations of specific 
wavelengths which are recorded as the emission spectrum. When the radiation is passed through a sample, it absorbs 
certain wavelengths. When the continuous spectrum is observed, there are a few dark spaces which represent the 
radiation that is absorbed by the matter. This is called absorption spectrum. 

Spectroscopy is a study of either the radiation absorbed 
or the radiation emitted. Atomic spectroscopy is an impor- 
tant technique for studying the energy and the arrangement 
of electrons in atoms. When a narrow beam of this light is 
passed through a prism, as shown in Fig. 5.15, we do not see a Gas Screen or 
continuous spectrum. Instead, only a few colors are observed, _!Scharge photographic 

f : ares : : ; : : tube film 
displayed as a series of individual lines. This series of lines is 
called the element’s atomic spectrum or emission spectrum. 
The emission spectra of visible light are continuous, but that of 
gaseous atoms contain lines with dark spaces between them. 
This is called line spectra. 

Because the light corresponding to the individual emis- 
sions appears as lines on the screen. This spectrum is also 
known as discontinuous spectrum. 

Figure 5.16 shows the visible portions of the atomic spec- | 
tra of hydrogen spectrum has five lines in the visible region of 
the electromagnetic spectrum — red, green, blue, violet! and Figure 5.15 Production and observation of an 
violet2. But Balmer could see only four lines anda continuum. atomic spectrum. 

In fact, each element has its own unique atomic spectrum 
that is as characteristic as a fingerprint, and can be used to 
identify the element. 
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Note: This atomic spectrum was first used in identification of unknown atoms by Robert Bunsen, a German chem- 
ist. Chemists and physicists began using the spectroscope to catalog the wavelength of light emitted or absorbed by 
a variety of compounds and used this data to detect the presence of certain elements in minerals and in sunlight. 
This led to discovery of many new elements, such as rubidium, caesium, gallium, thallium, indium and scandium 
from their minerals and helium from sunlight. 


450 nm 500 nm 550 nm 600 nm 650 nm 700 nm 


Continuous spectrum 


Sodium 


Hydrogen 


Figure 5.16 Atomic spectrum (line spectrum) produced by hydrogen. 


Note: For some elements with higher values of Z (Z > 20), we will have closely spaced lines known as bands and we 
will thus get a band spectrum instead of a line spectrum. Band spectrum is also a discontinuous spectrum. 


5.10 | BOHR’S MODEL FOR HYDROGEN ATOM 


In 1913, working further on Rutherford’s model for atomic nucleus, Niels Bohr suggested that the atomic nucleus was 
surrounded by electrons moving in orbits like planets round the sun. He was awarded the Nobel Prize for Physics in 
1922 for his work on the structure of the atom. 


Bohr’s Postulates 
Bohr’s model of atom is based on the following postulates: 


1. The electron moves around the nucleus in orbits (arranged concentrically around the nucleus). These orbitals 
have a fixed radius and energy. An electron does not radiate energy if it stays in one orbit, and therefore does not 
slow down. 


2. When an electron is moving in an circular orbit it experiences a centripetal acceleration of v’/r. Since an electron 
2 


is experiencing an attractive force from the nucleus = Therefore, 


7° 


: v 
Number of revolutions of electron per second = = 
ar 
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3. When an electron remains in its orbit or stationary state, the angular momentum is given by 


nh 
mvr =— 
20 


where n=1,2,3,.... Thus an electron can move only in those orbits for which the angular momentum is an integral 
multiple of h/27. Hence, only certain fixed orbits are permitted around the nucleus in an atom. 
4. It is applicable only for single electron species 


5. The integral numbers n = 1,2,3,... , are the principal quantum numbers and correspond to permitted stationary 
states for electron in an atom.. 


6. The difference in energy observed when the frequency of radiation is absorbed or emitted is given by the Bohr 
frequency rule, as shown in Fig. 5.17 


AE E,-E, 
LSS SS 


h h 
High energy High energy 
level level (E>) 
Absorbs Emits AE=E-E 
energy energy aa, 
Low energy Low energy 
level level (E;) 


Figure 5.17 Absorption and emission of energy. 


Bohr’s model for hydrogen could successfully predict the radius of Bohr orbit, the velocity of electron in an orbit 
and the energy associated with an electron in each energy level. It could be extended to predict these parameters for 
hydrogen-like species 


Radius of Bohr Orbits in Hydrogen 


The radius of the stationary states is known as Bohr radius and the radius of stationary state in hydrogen atom can be 
calculated as follows. 


AE=E,-E, 
For an electron to remain in its orbit, the electrostatic attraction between the electron and the nucleus which tends 
to pull the electron towards the nucleus must be equal to the centrifugal force which tends to throw the electron out 
of its orbit. 


2 


: m,v 
Centrifugal force = — 
, 


If the charge on the electron is e, the number of charges on the nucleus Z, and the permittivity of a vacuum &,, then 


2 2 
Coulombic attractive force = = >= ave 
4ne yr r 
where constant k = 1/4, = 8.988 x 10’ Nm/C’. 
a 2 
So, Eislieeeneeeee (5.1) 
if An eor 


Hence y= Aes (5.2) 
: 4z7qem,r m,r ; 
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According to Planck’s quantum theory, energy is not continuous but is discrete. This means that energy occurs in 


“packets” called quanta. The angular momentum m,vr, of an electron in orbit must be equal to a whole number n 
multiple of h/27. 


nh 
m,vr = — 
20 
Dip 
_ nh 2 oN a : (5.3) 
270m,r An’ mr 
Combining Eq. (5.3) with Eq. (5.2), we get 
Ze 7 wh? ee kZe? 7 nh? 
47 em,r 7 4 mr m,r 7 4n?’mr? 
kZe* _ nh? 
r 8 An mr? 
eye n h? 
H r=— or 5.4 
ia am.Z Z \ 4x°km,e? 4) 


For hydrogen the charge on the nucleus Z = 1, and if n = 1 this gives a value r = 1° x 0.0529 nm and for n = 2, r= 

2’ x 0.0529 nm. In general, r,, =a), where a, = 0.0529 nm. This gives a picture of the hydrogen atom where an electron 

moves in circular orbits of radius proportional to 1°, 2’, 3’, .... Thus, Bohr radius can be expressed as r, = n’a,, where 

dy) = 52.9 pm. The Bohr radius of first stationary state is 52.9 pm and the electron is generally found in this orbit. 
From Eq. 5.4, we have 


2 


r=%hx > 


Z 
where r, = 0.529 A. 
Thus, re i 
m 
Velocity of Electron 


The velocity of electron moving in the orbit is given by the expression 


nh nh 4a Zkm,c’ _ 2aZke° Ze 


v= = 

27m,r 22m, nh? nh 2e nh 
ye (2.18 x 10°ms”) = (2) 

n n 


V)= 2.18 x 10°ms™ 


Thus v is independant of m. 


Energy of Electron in Hydrogen Atom 


For hydrogen atom, the energy associated with an electron in the stationary state in which it is present can be obtained 
by using the value of Bohr radius and is calculated as follows. 

The total energy of an electron in a one-electron system = Kinetic energy + Potential energy. The kinetic energy 
of the electron is 


K.E.=—=my- (5.5) 


@ 
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The potential energy of an electron at an infinite distance from the nucleus is taken to be zero. The potential energy of 


the electron at a distance r from the nucleus is the work done in moving the electron from infinity to the point which 
is at a distance r from the nucleus. We know that the coulombic attractive force is given by 


Fz 1 Ze’ _ Ze 
~ \4me, J? ) \ 4xe,r? 


Therefore, to find the work done by this variable force, we find the work done in moving the electron through an infini- 
tesimally small distance (over which the force may be assumed to be constant) and integrating over the entire distance. 
The work done in moving through small distance dr is given by 


2 
dw = Fdr = Ze (=) ar 
4re, Jr 


The total work done in moving the electron from infinity to the point at a distance r from the nucleus is given by the 


integral 
r=r 2 2 
w-faw=[(2 (Be a (5.6) 
Are, J\r 4re,yr 


r=co 


The total energy of the electron is kinetic energy + potential energy 


Eta = K-E.+ P.-E 

From Eqs. (5.6) and (5.5), we get 

lg Ze 

Eotal = STi ar) = = (5.7) 

2 Ame r 

From Eq. (5.1), we have 
mv" Ze kZe* we kZe? 
= > of ——- > m,v = or 
r Are,r r Ate,r r 


Substituting in Eq. (5.6), we get 


if Ze’ Ze 1( kZe? -kZe? 
Lee aes +) or = | —— 
2\ 47e,5r 47e\r 2\ or r 


Substituting value of r from Eq. (5.4), we get 


2 4 

E —-Z°m,e 
total ~ “979722 
Oe Bn h* es 


(5.8) 


Note: We know that 
TE.=KE.+PE. 


where T-E. is total energy, K.E. is kinetic energy and P.E. is the potential energy. 


KE.= 3{ =) (5.9) 


e) 


(5.10) 


From Eq. (5.9) and (5.10), if we assume K.E. be x, then 
PE. = -2x 
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Also, 


T.E= K.E+P.E 


x+(-2x)=x-2x 


I 


=-Xx 


Thus, if K.E. = x, then PE. = 2x and T.E. = -—x 


For an atom of hydrogen, Z = 1,m,=9.11 x 107 kg, e=1.6 x 10°” C,e, =8.85 x 10°” CN'm”, h = 6.626 x10" Js. 
Substituting these values in Eq. (5.7), we get 


= 31 -19\4 = -18 : 2 
-( 1x9.11x10™ x (1.6 x10") )-[ 2.18 x 10 _ -13.6 Z tor Z #1) 


J= eV =-13.6 eVx 
8xn? x (6.626 x 10)? x(8.85x 10°”) n n n 
therefore E « m. 
The energy of the electron in the stationary state n, and n, in an atom 
of hydrogen are given by Total energy, E n=ce, Electron 
removed from atom 


= -18 a -18 0 
y= ee * au ) Jatom™ and E,= aR * a Jatom™ 0.54 eV n=5 | 
(1) (1) 0.85 eV n=4 
Thus, the energy of electron is given by the expression 1.51 eV n=3 \ Excited 
states 
1 
E, =—-Ry (4) n=1,2, 3,0: 
n 
3.40 eV n=2 | 


where R,, is the Rydberg constant for hydrogen and its value is 2.18 x 10° J. 
Energy for first orbit or the ground state is 


1 


E, =-2.18 x10" (=] =-2.18x10"J 


Energy for the second orbit is 
1 
E, =-2.18x10™ (=| = -0.545x 10" J 


The energy diagram, depicting energies of different stationary state is given 
in Fig. 5.18. 

Note that a free electron corresponds to being present in orbit 1 =o and 
is infinitely away from the nucleus, and thus, its energy is taken as zero. When 
the electron is present in any other stationary state (orbit) n, it is attracted 
to the nucleus and its energy is lowered. The energy of electron in orbit 7 is 
thus larger in absolute value than zero, but is denoted with a negative sign, 
since it is being lowered. The negative sign for the energy thus represents the relative stability of the state with reference 
to zero energy state n =. 

The line spectrum observed for hydrogen can be explained quantitatively using Bohr’s model. The various lines 
obtained in the spectrum can be related to transition between different energy states. When an electron undergoes a 
transition from initial state n, to final state n,, the energy change is given by 


13.6 eV n= 1, Ground state 


Figure 5.18 Energy level diagram for 
hydrogen atom. 


BS 
(n,;)° (n;)° 


When the electron moves from the stationary state n, to the stationary state n,, the energy it releases will be 


AE = E, - E, =2.18x 10" ) J atom! (5.11) 


oo 
(n,)° (mY 
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Therefore, the frequency of the radiation emitted during the transition of the electron is 


AE 2.18x10" 1 i oe 1 
ce: )-(gaeao lay cay }=329%10 ara) 


This is the equation given by J.J. Balmer while studying the hydrogen spectrum. 


Cc 
v=— 
aA 
c 1 1 
Therefore, — =3.29x10" aod Hz 
A (n,)° (n,)° 
15 
Now, ae Il LL S| 
A c (nm) (n,) 


where 1/A=1/v=v_ wave number, that is, the number of waves in 1 m. 


15 
v= : ~ [52x00 u 5 5 m7 = 1.09677 x10’ i 7 ces : m! 
A 3.0 10 (n,)° (1) (n,)° (nm) 


where 1.09677 x 10’ m is the Rydberg’s constant. This is the same as Eq. (5.11) derived empirically by Rydberg to 
explain the hydrogen spectrum, with the data available at that time. For hydrogen, R = R,. 


=> Ra = +)" 
A (nm) (ny) 
This means that the energy of the electron in an atom of hydrogen is given by 


(3 
n 


The energy of the electron in any one-electron system is 
given by 


2 
n 


ie 9 
The different series of spectral lines obtained in atomic 
spectra of hydrogen can be obtained by varying the val- 
ues of n, and n, in Eq. (5.11). Thus with n, = land n, = 2, 
3, 4, etc., we obtain the Lyman series of lines in the UV 
region. With n, = 2 and n, = 3,4, 5, etc., we get the Balmer 
series of lines in the visible spectrum. Similarly, n, = 3 and 
n,=4, 5, 6, etc., gives the Paschen series, n,= 4 and n;=5, 
6, 7, etc., gives the Brackett series, and n, = 6 and n,; = 7,8, 
9, etc., gives the Pfund series. 

The intensity of spectral lines depends upon the 
number of photons of the required frequency emitted 
and absorbed. 

The various transitions which are possible between Figure 5.19 Bohr orbits of hydrogen and the various 
orbits of hydrogen are shown in Fig. 5.19. The orbits are series of spectral lines. 
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sometimes denoted by the letters K, L, M, N,... , counting outwards from the nucleus, and they are also numbered 1, 
2, 3,4, .... This number is called the principal quantum number, which is given the symbol n. It is therefore possible to 
define which circular orbit is under consideration by specifying the principal quantum number. 


Note: When an electron moves from one orbit to another, it should give a single sharp line in the spectrum, cor- 
responding precisely to the energy difference between the initial and final orbits. If the hydrogen spectrum is 
observed with a high resolution spectrometer, it is found that some of the lines reveal “fine structure” This means 
that a line is really composed of several lines close together. 


lonization Energy (Enthalpy) 


Ionization enthalpy is the energy required to remove the electron from the atom in gaseous state and convert it into an 
ion. In terms of Bohr’s theory it amounts to a transition of electron from ground state n = 1 ton =~ on absorption of 
energy equal to ionization enthalpy. It is thus possible to calculate the ionization enthalpy of hydrogen and hydrogen- 
like species using the formulas 


-18 
E, = ee atom” (for hydrogen) 
-18 
E.= eo *Jatom™' (for hydrogen-like species) 
n 


Solved Example 5-15 | 
1 


=8.99x10’kgm*s°C* and _ taking 


Calculate the energy of an electron in the nth orbit of a where k= 
hydrogen atom. at 
Z = 1. We know that mass of an electron (m) = 9.11 x 


10 kg and charge on electron is (e) = 1.602 x 10°” C, 


Solution h = 6.626 x 10“ kg m’ s". Substituting values in the 
The energy of a Bohr orbit is given by equation, we get 

2 24 

fee ae 5 = 2X22)? (9.1110) (8.99 10°)" (1.602 x10")! 
wh ° (7)? xn? x (6.626 x 10)? 
-18 
= 28x10" 
n 


Solved Example | 5-16 | 


Calculate the distance of an electron from the nucleus in an electron (m,) = 9.11 x 10™' kg, charge on an electron 
the first orbit of a hydrogen atom. (e) = 1.602 x 10°" C, 
On substituting the values into Eq. (1), we get 


Solution Pee ee ee 
; = (6.626 x10~")° kg“ m* s 
fd Ma atom Z = 1, and for the first orbit n = 1, ~ 4x (3.14)°(9.11 x10" kg)(8.99x10° kem*s*C”) 


we , 1 
r= Tie (1) (1.602 x10" C’ 


where k = 1/(4me,) = 8.99 x 10° kg m’s*C. We know Therefore, r= 5.29 x 10” m = 0.0529 x 10” m= 0.0529 nm. 
that h = 6.626 x 10 J s = 6.626 x 10” kg m’s", mass of 
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Solved Example | 5-17 | 


How far from the nucleus is the electron in a hydrogen 
atom if it has energy of —0.850 eV. 


Solution 


According to Bohr’s theory, 


n 


2 
E, =-4x21.69x10 
n 


where E, is the total energy of electron in that shell. 
Substituting —0.850 eV, we get 


Vig 
~ «21.69 x10 = -0.85 1.6107? 
n 


Substituting n = 4 for Z=1, we get 


2 
he 7% 0529 = = 0.529 =8.46A 


Solved Example | 5-18 | 


Photochemical dissociation of oxygen results in the pro- 
duction of two oxygen atoms, one in the ground state and 
one in the excited state, 


O;—“5 040" 


The maximum wavelength needed for this is 174 nm. 
If the excitation energy O > O* is 3.15 x 10°” J. How 
much energy in kJ mol" is needed for the dissociation of 
one mole of oxygen into normal atoms in ground state? 


Solution 


Energy required per molecule in the following process 
may be given as 


0, —“>0+0* 


RRC 6.626%10" K 3810" 


E= = = 11.424x10-" Jmol 
A 174x10 


The energy for O > O* is 3.15 x 10°” joule (excitation 
energy). Thus, the energy O, — 20 will be (dissociation 


energy) 
E=11.424x 10° — 3.15 x 10°” 
= 8.274 x 10° J mol! 
= 8.274 10°” x 6.023 10% x 10° kJ mol" 
= 498.3 kJ mol’ 


Solved Example 5-19) 


Calculate the wavelength and energy of radiation emit- 
ted for the electronic translation from infinity to ground 
state of one of the hydrogen atom. Given c=3 x 10°ms", 
R,, = 1.09678 x 10’ m", h = 6.6256 x 10 "J s*. 

Solution 


According to Rydberg equation, we have 


_ 1 1 1 
P= SRF |S = 
A E a 


where Z = 1, R = 1.09678 x 10’ m™, n, = 1 and n, = ~. 
Therefore, 


be 1.09678 x 10’ + - =| 
A 1 © 
1 4 -8 
or = ———_| = 0911 x 10" = 9.11x10™ m 
1.09678 x 10 
The energy is given by 
-34 8 
caewy, 6 OE Series 
A 9.1110 


Solved Example | 5-20) 


The = 3 energy level is of considerably greater energy 
than the n = 2 energy level. Using the Bohr model, 
describe how the wavelengths of light compare as an elec- 
tron falls from these two energy levels to the n = 1 energy 
level. 


Solution 


Since these two shells are comparatively far apart in 
energy, transitions from these two levels to the n = 1 shell 
have comparatively different energies. Thus, the wave- 
lengths of light from the two transitions are quite differ- 
ent. (The n =3 ton=1 transition has a shorter wavelength 
than the n = 2 to the v = 1 transition.) 
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Solved Example 5-21 


The energy of the electron in the second and the third 
Bohr’s orbits of the hydrogen atom is —5.42 x 10°” ergs 
and —2.41 x 10°” ergs, respectively. Calculate the wave- 
length of the emitted radiation when the electron drops 
from the third to the second orbit. (IIT-JEE 1981) 


Solution 


The energy of the emitted radiation is 


AE = E,-E, = “ = -2.41x 10"? -(5.42x 10°”) = ~ 
6.626 x10 x 3x 108 
a 


_ 6.62610 x3 6.626x107 x3 
~  3.01x10°% 3.01 
= 6603 A = 6.603 x10’ m 


3.01x 10°" x107 = 


or 


Solved Example | 5-22 | 


Calculate the wavelength in angstroms of the pho- 
ton that is emitted when an electron in the Bohr orbit, 
n = 2 returns to the orbit, where n = 1 in the hydrogen 
atom. The ionization potential of the ground state hydro- 
gen atom is 2.17x 10" ergs per atom. _(IIT-JEE 1982) 


Solution 


The energy of the emitted radiation is 


AE=2.17x10" [- +| > ne =217 x10" [1 7 
ny ny, A 4 
—34 8 
o 6.62x 10" x3 x 10 =2.17x10°8 x2 
A 4 
or _ 4x6.62x3x 10°*° _ 79.44x 10°*° 
6.51x 108 6.5110" 


=12.20x10°A 


Solved Example | 5-23 | 


Calculate the wave number for the shortest wavelength 
transition in the Balmer series of atomic hydrogen. 
(IIT-JEE 1996) 


Solution 


The shortest wavelength transition in the Balmer 
series corresponds to the transition n, = 2 to n, = ~. 


Hence, the wave number is 


V=Ry, (< - ) = (109677 em)( 3 | 


1 


= 27419.25 cm™ 


Solved Example 5-24 | 


Calculate the energy required to excite one liter of hydro- 
gen gas at 1 atm and 298 K to the first excited state of 
atomic hydrogen. The energy for the dissociation of H-H 
bond is 436 kJ mol”. (IIT-JEE 2001) 


Solution 
First, we determine the number of moles of hydrogen gas, 


pV 1x1 
RT 0.082x 298 


= 0.0409 


The concerned reaction is H, + 2H; AH = 436 kJ mol". 
Energy required to bring 0.0409 mol of hydrogen gas to 
atomic state = 436 x 0.0409 = 17.83 kJ. 

Next, we calculate the total number of hydrogen 
atoms in 0.0409 mol of H, gas 

1 mol H, gas has 6.02 x 10° molecules 


6.02 x 10” 


0.0409 mol of H, gas = x 0.0409 molecules 


Since 1 molecule of H, gas has 2 hydrogen atoms, 
so 6.02 x 10” x 0.0409 molecules of H, gas will have 
2x 6.02 x10” x 0.0409 = 4.92 x 10” atoms 
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The energy required to excited an electron from the 
ground state to the next excited state is 


= 36( 4-5) = 136x( 7-4] 
nm ny 1 4 


= 13.6x “ = 10.2 eV =1.632x10™ kJ 


Therefore, energy required to excite 4.92 x 10” electrons is 
E, =1.632x 107! x 4.92 x 10” = 8.03 x 10 = 80.3 kJ 


Therefore total energy required, E,,,., = 1783 + 80.3 = 


98.13 kJ 


total 


Solved Example | 5-25 | 


What are the frequency and wavelength of a photon emit- 
ted during a transition from n = 5 state to the n = 2 state 
in the hydrogen atom? 


Solution 


Since n, =5 and n, = 2, this transition gives rise to a spec- 
tral line in the visible region of the Balmer series. From 
the equation 


AE = 2.18 x10" E - = =-4,58x10" J 


2 


We find that it is the emission energy. The frequency 
of the photon (taking energy in terms of magnitude) is 
given by 


_ AE _ 458x107 


5S eeexiO = OM" Hz 


Hence, the wavelength is 


c  3.0x10° ms" 


As = 14 
v 6.91x10" Hz 


= 0.434 nm 


Solved Example | 5-26 | 


Calculate the ratio of the radius of Be™ ion in third energy 
level to that of He* ion in the second energy level. 


Solution 


2 
: n ‘ cee 
From the expression r « — where n is the principal shell 
Zz 


and Z is the atomic number, we have 


n_(m)(Z 
5 Ny, Z, 


Substituting n, = 3, n, = 2, Z,=4 for Be™ and Z, =2 for 


He’, we get 
i, (2) (2) 9 
—_-—|] — x|—|/=— 
A. 43) Al 8 


Solved Example | 5-27 | 


According to Bohr’s theory, the electronic energy 
of hydrogen atom in the nth Bohr’s orbit is given by 
E,, =(-21.76x10"")/n’ J. Calculate the longest wave- 
length of light that will be needed to remove an electron 
from the third Bohr orbit of the He* ion. (IIT-JEE 1990) 


Solution 


The energy to remove an electron from the third Bohr 
orbit of the He* ion (Z’ = 4) is 


= -19 
ce 21.76 - x4 ~ ij seeeyaeees 


Now, as AE = hc/A, we have 


_ 6.626 x10 x3 x 10° 


Tore eb = 2.0556 107m = 2055 A 
; x 


https://telegram.me/unacademyplusdiscounts 


Telegram @unacademyplusdiscounts 


5.10 | Bohr’s Model for Hydrogen Atom 


Solved Example | 5-28 | 


3+ 


Calculate the wavelength of electron in an orbit of Be 
ion having radius equal to the Bohr’s radius (a,). Also ; : 

report the accelerating potential that must be imparted a of i36eV= fee 13.6 -—-54.4eV 
to an electron originally at rest to give an effective wave- " : : 

length as calculated above. 


Now, the ionization enthalpy is 


So, the kinetic energy = —E,, = 54.4 eV. Thus, the wave- 


Solution length can be calculated as 
2 
In the expression, r, = Ze substituting Z = 4 and r=a,, a 6.626 x 10 
We bet V2mE  /2x9.11x10" x54.4x1.6x10™ 
i = 166x100 =1.66A 


Solved Example 5-29) 


1 1 |_ 6.626x10™ x3x 108 
ay @y 3x10° 


Estimate the difference in energy between first and sec- 
ond Bohr orbits for a hydrogen atom. At what minimum 
atomic number, a transition from n = 2 to n = 1 energy 
level would result in the emission of X-rays with A= 3.0 x 
10° m? Which hydrogen atom-like species does this 
atomic number correspond to? (IIT-JEE 1993) 


-2.18x10™8 x Z? 


—2.18x10° x Z? x - = 6.626 x 10° 


> _ 6.626x 10" x4 


= =4 =Z=2 
218x108 x3 


Solution or 


From the expression AE = E, — E, = = we have , . 
A Thus, the species is He* with Z =2. 


Line Spectra of Hydrogen 


If a discharge is passed through a glass tube containing hydrogen gas (H,) at a low pressure, some hydrogen atoms (H) are 
formed, which emit light (pink—violet) in the visible region. This light can be studied with a spectrometer, and is found to 
comprise a series of lines of different wavelengths. Four lines can be seen by eye, but many more are observed photographi- 
cally in the ultraviolet region. The lines become increasingly close together as the wavelength (A) decreases, until the con- 
tinuum is reached. 


Note: In spectroscopy, waves are generally described as wave number 7 where 7 = 1/A m’'. Wavelengths, in meters, 
are related to the frequency, v, in Hertz (cycles per second) by the equation 


v= 


NOS ay 


where c is the velocity of light (3 x 10°ms‘'). 


In 1885, Balmer showed that the wave number Y of any line in the visible spectrum of atomic hydrogen could be given 
by the simple empirical formula: 
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where R,, is the Rydberg constant and v has the values 3, 4, 5, ...; thus giving a series of lines. This is known as the 
Balmer formula. The series of lines given by this formula is called the Balmer series which appear only in the visible 
region of the electromagnetic spectrum. Rydberg, a Swedish physicist, showed that the lines can be given by the fol- 
lowing formula: 


7 = 109677 (= = *] cm! (5.12) 


nm Ny 


where n, = 1,2,... andn,=n,+1,n,+2,....The value of Rydbverg constant is 109677 cm”. Apart from Balmer series, 
several other series of lines may be observed in different regions of the spectrum (Table 5.2) and Fig. 5.20. 


Non-quantized 


Series 


wWlAUMZ 5 


2.0 Paschen MnO 
series 
4.0 Balmer : 
= series 
<2 
. es o = 3 6.0 Series 
Pe) © <4 - Continuum g limit 
9) ee) Oo = wi 
(Ze) + + st -8.0 
Series 
limit 
-10.0 
-12.0 
Hy Hg H, M5 H., 
Energy - -14.0 “Lyman series : 
Figure 5.20 Spectrum of hydrogen. 
Table 5.2 Spectral series found in atomic hydrogen 
Series Lyman series Balmer series Paschen series _ Brackett series Pfund series Humphry series 
Region of Ultraviolet Visible/ Infrared Infrared Infrared Infrared 
Spectrum ultraviolet 
Similar equations were found to hold for the lines in the other series in the hydrogen spectrum. 
= ee = iil 
Lyman v = R, ae jigs, Ba), 5. Balmer v = Ry eee ig= 341, 5, Oy 
= i oil = i il 
Paschen v = R, Coe j= 4), D, Oy Toe Brackett v = R, ee i = 5, ©, Hy Bh. (5.12) 
= il il 
Pfund v=Ry| =-—=z | 1=6,7, 8, 9,. 
> 
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Total Number of Spectral Lines 


Consider the case in which we have a lot of atoms and we want to calculate the total number of spectral lines possible. 
From Fig. 5.21, we have that the following transitions will be possible 51, 52, 5-3, 5-4, 4-51, 4-52, 453, 3-2, 
3-1, 2-1, that is, 10 spectral lines 


v 


wo wo fF 


v 
VY | 


Figure 5.21 Number of spectral lines. 


If n, and n, are the two energy levels between which the transition is made, then maximum number of spectral lines 


between them is given by An(An+1) 
NAN + 


2 


where An=n, —n,. For example, in the above case An=5-1=4 


Therefore, maximum number of spectral lines = Aa =10 


Solved Example Ee 


The wavelength corresponding to maximum energy for For He* ion 
hydrogen is 91.2 nm. Find the corresponding wavelength 1 
for He* ion. (IIT-JEE 2003) 7. 2h 82a, (2) 


Dividing Eq. (1) by Eq. (2), we get 


Solution 


For hydrogen atom 


ee = Ry Zi 
2 
1 P 1 1 Au Ries Line 
SS R72 |S 
Ae H*~H Lv 2 
Since R,, = R,,,., we have 
1 
3 RyZa (1) yl 2 
A Bi = Aa 712 99.9 win 


=— >A., 
Ay Zoe 4 He 4 


Solved Example | 5-31 | 


Wavelength of high energy transition of hydrogen atoms Since R,, is a constant and transition remains the same, 


is 91.2 nm. Calculate the corresponding wavelength of He 1 Age 221 

atoms. (IIT-JEE 2003) a a a 
A Ay Lite 4 

Solution ; 

For maximum energy, 1, = 1 and n, =. Hence, we have Hence, Ate = 4 x 91.2 = 22.8 nm 


Lene( 4-2) 
A ny ny 
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Limitations of Bohr’s Model 


By calculating the energy changes that occur between energy levels, Bohr was able to account for the Rydberg equa- 
tion and, therefore, for the atomic spectrum of hydrogen. However, the theory was not able to explain quantitatively 
the spectra of atoms with more than one electron, and all attempts to modify the theory to make it work met with 
failure. Some important deficiencies of Bohr’s theory are listed as follows: 


1. It accounts for the line spectra of only one-electron systems such as H, He’ and Li™. 


2. Each of the four lines of the hydrogen spectrum observed by Balmer, when viewed through a high-resolution 
spectrometer, is found to be made up of six different lines. Bohr’s theory does not explain this. 


3. It assumes that electrons revolved round the nucleus in circular orbits. Sommerfeld explained the splitting of the 
spectral lines of hydrogen by assuming that some electron orbits were elliptical. 


4. It does not explain the splitting of spectral lines by magnetic fields (Zeeman effect) and by electric fields (Stark effect). 


5. According to this theory, the total energy of an electron is the sum of its potential and kinetic energies. It is now 
known that electrons spin on their own axis. The energy of the spin is not taken into account in Bohr’s theory. 

6. Bohr assumes that the angular momentum of an electron in an atom of hydrogen is an integral multiple of h/27 
but his theory does not explain the reason for this assumption. 

7. Using this theory, we are able to find the position of an electron and its velocity in an atom of hydrogen. But 
according to Heisenberg’s uncertainty principle, it is impossible to know both the position and momentum of a 
fast-moving electron accurately. 


8. It does not take into account the wave nature of the electron. 


Bohr-Sommerfeld Model 


Bohr’s model was extended by Sommerfeld to study the line spectrum of one-electron systems. Using a high resolving 
power spectroscope, it was found that a line is a collection of more than one fine line of similar wavelength, resulting 
in a fine spectrum. Some of the important features of the model were 


1. It described the orbits containing electrons revolving around the nucleus to be elliptical instead of being circular 
with definite energy levels. 


2. It described the atom using two quantum numbers instead of one, that is, n and k where k is called azimuthal 
quantum number. It is equal to 1, 2,... n but k # 0. Thus, when a transition of electron takes place from a higher 
level to a lower one, it would be differ from that proposed by Bohr because there could be more than one values 
of k. Thus, the reason from fine spectrum could be explained. 

3. It stated that the angular momentum of electron in closed elliptical paths is quantized, that is L, = k(h/27) 

4. The relation between n and k gives an estimate of possible number of subshells contained in a shell. The ratio of 
n to k is numerically equal to the ratio of the length of major axis to that of minor axis. On increasing k, the path 
becomes more eccentric, whereas if m/k = 1, then the path is circular. 


In spite of the enhanced features, there were certain limitations to Sommerfeld theory. These are as follows: 


1. It was restricted to one-electron systems only, and could not explain the spectrum and electron—electron repul- 
sions of polyelectron systems. 


2. It was unable to explain the de Broglie equation, even though it indicated that momentum in closed elliptical 
paths is quantized. 


5.11 | PHOTOELECTRIC EFFECT 


Photoelectric effect is the phenomenon in which electrons are emitted from a metal surface when radiation of suf- 
ficient energy falls on it. Metals such as sodium, lithium and potassium show photoelectric effect with visible light, 
whereas metals like zinc, magnesium, and cadmium show photoelectric effect with ultraviolet light. 
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The phenomenon of photoelectric emission was discovered in 1887 by Heinrich Hertz (1857-1894) during his 
electromagnetic wave experiment. Hertz found that high voltage sparks across a detector loop were enhanced when 
an emitter plate was illuminated by ultraviolet light from an arc lamp. This was explained as follows: When the emitter 
plate was illuminated by ultraviolet light, some electrons near the surface of the metallic emitter plate absorb energy 
from the ultraviolet rays. This enables them to overcome the force of attraction due to positive ions in the material of 
the emitter and finally escape from the emitter surface into the surrounding space, hence enhancing the high voltage 
sparks across the detector. Because the electrons are ejected with the aid of light, they are called photoelectrons. 

In another experiment, a negatively charged zinc plate was connected to an electroscope. It was found that the 
zinc plate lost its charge when it was illuminated by ultraviolet light. The uncharged zinc plate became positively 
charged when it was irradiated by ultraviolet light. It was concluded that the negatively charged particles were emitted 
from the zinc plate under the action of ultraviolet light. These observations were formulated as the laws of photoelec- 
tric effect. 


1. The electrons are ejected from the surface as soon as the surface was irradiated by the beam of light. 


2. The number of electrons emitted from the surface is proportional to the intensity of the incident beam. 


3. Electrons could be made to leave a metal’s surface only if the frequency of the incident radiation was above some 
minimum value, which was named the threshold frequency (v,). This threshold frequency differs for different met- 
als, depending on how tightly the metal atom holds onto electrons. 


4. Above the threshold frequency (v > v), the ejected electrons come out with certain kinetic energy. The kinetic 
energy of the emitted electron increases with increasing frequency of the light. In his photoelectric theory, 
Einstein proposed that light of frequency v could be regarded as a collection of discrete packets of energy (pho- 
tons), each packet containing an amount of energy E given by E = hv where h is Planck’s constant. 


Einstein explained the photoelectric effect thus: An electron absorbs a quantum of energy (nh) from light and if the 
energy absorbed is greater than the minimum energy (hv,) required by an electron to escape from the metal surface 
(known as work function W,), then the electron is ejected from the metal surface with some kinetic energy. Einstein 
summed up the results of the photoelectric experiments in the equation: 


1 
hv = K.E.+hy, = 7m +hy 


K.E. = hv-W 


where K.E. is the kinetic energy of the electron that is emitted, hv is the energy of the photon of frequency v and hv, 
is the minimum energy needed to eject the electron from the metal’s surface. 


Solved Example | 5-32 | 


Calculate both the energy of a single photon of red light Substituting this frequency into the Planck—Einstein 
with a wavelength of 700.0 nm and the energy of amole equation gives the following result in units of joules (J). 
ObsHenpuotens E=hv=(6.626x 10 Js)(4.283x10" s“) 
Solution = 2.838x10- J 

The red light with a wavelength of 700.0 nm has a fre- A mole of the photons has 170.9 kJ of energy. 


quency of 4.283 x 10s". This should be calculated and 


-19 23 
os. 2.838107" J . 6.022 x10 photons 


1 photon 1 mol 
= 4.286 x10" s = 170.9 kJ mol 


= 1.709 x10° Jmol" 


ce 3.0x10° 
voce 
A 700x10° 
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Solved Example | 5-33, 


In a photoelectric experiment, the collector plate is at 
2.0 V with respect to emitter plate made of copper (work 
function 4.5 eV). The emitter is illuminated by a source 
of monochromatic light of wavelength 200 nm. Find the 
minimum and maximum kinetic energy of photoelectrons 
reaching the collector. 


Solution 


Since plate potentials = 2 V, minimum K.E. will be 2 eV. 
For maximum K.E., use the following relation: 


Absorbed energy = Threshold energy + K.E. 
= 4.5x1.6x10°+K.E. 
6.626 x10 x 3x 10° 


RTT =45x16x10"+K.E. 
x 


K.E. = 2.739 x 10°" J=1.7 eV 
Hence, the maximum K.E. = 2 + 1.7 = 3.7 eV. 


Solved Example | 5-34, 


A 100 W bulb emits monochromatic light of wavelength 
400 nm. Calculate the number of photons emitted per 
second by the bulb. 


Solution 


Given that power of the bulb = 100 watt = 100 J s‘. We 
know that 
Energy of one photon 


E=nhv 
_ 6.626 x 10“ Jsx3x10' ms 
- 400 x10 m 
= 4.96910? J 
Numero plist ‘cise 
umber O p otons emitted = 4.969x10™ J 
= 2.012 x10" s7 


Solved Example 5-35, 


The threshold frequency v, for a metal is 70 x 10" s". 


Calculate the kinetic energy of an electron emitted when 
radiation of frequency v= 1.0 x 10" s hits the metal. 


Solution 


According to Einstein’s equation, we have 


K.E. = smv =h(v-V) 


= (6.626 x10™ Js)(10.0 x10 s' —7.0x10" s“) 
= (6.626 x10 Js)(3.0x 10" s) 
=-1.988x10°" J 


Solved Example | 5-36 


A certain metal was irradiated with light of frequency 
3.2 x 10'° Hz. The photoelectrons emitted had twice the 
kinetic energy as did photoelectrons emitted when the 
same metal was irradiated with light of frequency 2 x 10"° 
Hz. Calculate the threshold frequency for the metal. 


Solution 
We have the relation 


KE. 


K.E.=hv-hvy, or v-v,=—— 


Given that (K.E.), = 2(K.E.),. Therefore, we have 
Vy (KE) fh _ 
V,-Vv) (K.E.),/h 


or V,—V, =2V, —2V, 

Hence, Vy) = 2V, -V, 
=(4x10"°)-(3.2x10"°) 
= 8x10" Hz 


https://telegram.me/unacademyplusdiscounts 


Telegram @unacademyplusdiscounts 


5.12 | Dual Nature of Matter 


Detailed Analysis of Photoelectric Effect 
1. Stopping potential (V,): It is defined as the potential necessary to stop the electron having the maximum K.E. 
which has been emitted in photoelectric effect. 


eV, = (KE. )mnax 


2. Accelerating Potential Voltage (V): If accelerating voltage is provided to an emitted electron, then it will further 
increase the K.E. of the emitted electron. For example, if accelerating voltage V, is applied, then the emitted elec- 
tron will have minimum kinetic energy eV, and maximum kinetic energy = (K.E.),,,, + eV). 


Note: In photoelectric effect, the ejected photoelectrons can have any K.E. from 0 to (K.E.),,.,- 


3. The (K.E.),,,, of the ejected photoelectron is directly proportional to frequency v of the radiation. It is independent 
of the intensity of the radiation (Fig. 5.22). 


hv = hv, + (K.E.) 


max 


K Na 


Increasing work function 


Figure 5.22 Kinetic energy of emitted electron as a function of frequency of incident radiation. 


4. The magnitude of photocurrent is directly proportional to intensity of radiation (assuming same metal on which 
different intensities of photons are radiated). As each photon can eject maximum of one photoelectron, as inten- 
sity increases, the number of photons increases and thus, number of photoelectrons ejected increases (Fig. 5.23). 
As a result, photocurrent increases. 


Photocurrent / = Intensity 
iF > Ip > Iz 


> V (Voltage) 
= V; 


(Stopping potential) 


Figure 5.23 Photocurrent as a function of intensity of incident radiation (assuming same metal). 


5.12 | DUAL NATURE OF MATTER 


The planetary theory of atomic structure put forward by Rutherford and Bohr describes the atom as a central nucleus 
surrounded by electrons in certain orbits. The electron is thus considered as a particle. In the 1920s, it was shown that 
moving particles such as electrons behaved in some ways as waves. The two important developments in that regard 
were dual behavior of matter and Heisenberg uncertainty principle. 
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de Broglie Equation 


When bound inside an atom, electrons behave not like solid particles, but instead like waves. This idea was proposed in 
1924 by a young French graduate student, Louis de Broglie. The matter waves, like the light waves are characterized by 
their wavelengths and their frequencies. For matter waves E = mc’ and for light waves E = hc/X. Therefore, 4 = h/mc. 
The general form of equation is 


where /: is Planck’s constant, m is the particle’s mass, v is its velocity and p is the momentum. 
When kinetic energy is given, 


K.E.= . ; 
2 2m 
These relations allow us to connect a wave property, wavelength, with particle properties, mass and velocity. We may 
describe the electron either as a particle or a wave, and the de Broglie relationship provides a link between the 
two descriptions. Electrons are no longer assumed to be moving in circular stationary orbits as proposed by Bohr. 
According to de Broglie, electrons move in the form of waves. The circumference of the nth orbit in a one-electron 
system is equal to n (the de Broglie wavelength of the electron). Just as in case of electromagnetic radiation, some 
properties of electrons can be explained on the basis of wave nature and the others on the basis of particle nature. The 
distinguishing features of electromagnetic waves and matter waves are shown in Table 5.3. 


Table 5.3 Electromagnetic waves vs. matter waves 


Electromagnetic waves Matter waves 


They may not be associated with electrical and magnetic 
fields. 


They travel with different speeds. 


They are associated with electrical and magnetic fields 
perpendicular to each other and to the direction of propagation. 
They travel with the same speed. 

Their velocity is that of light. Their velocity is generally less than that of light. 


They require a medium for propagation (cannot travel 
through vacuum). 


They do not require medium for propagation. 
They can be radiated into space or emitted. They cannot be radiated into space or emitted by particles. 


Their wavelengths are generally shorter and given by de 
Broglie’s equation 


Their wavelength is generally large and given by the relation 


Cc 
ar h 


Experimental Evidence for Wave Nature of Electrons 


The first experimental proof for wave nature of electrons demonstrated 
by American physicists Davisson and Germer. The principle involved Low tension 
was that since the wavelength of an electron is of the order of spacing High tension (LT) 
of atoms of a crystal, a beam of electrons shows diffraction effects when (HT) ot =~ Elsciron gua 
incident on a crystal. a= 2, ~~. Movable 
In the experimental set up, electrons from a hot tungsten cathode are *\ detector 
accelerated by potential difference V between the cathode (C) and the 
anode (A). A narrow hole in the anode renders the electrons into a fine 
beam and allows it to fall on a nickel crystal. The electrons are scattered 
by the atoms in the crystal in all direction and pattern of the scattered 


weeq 
juapiou| 


beam is captured by a detector (Fig. 5.24). 

Davisson and Germer made the following modifications in de 
Broglie’s equation: If the charged particle (electron) is accelerated with a 
potential of V, then kinetic energy is given by: 


\ 
Nickel crystal 


Figure 5.24 Davisson and Germer 
experiment. 
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zmv’ =eV>amv =2eVm => mv =V2eVm 


Then from de Broglie’s relation, we have 
hh _122nm 
mv J2eVm VV 


A= 


where V is in Volts. 


For any charged particle of charge gq, 


J2qVm 


The expression for de Broglie wavelength associated with various particles is given in Table 5.4. 


Table 5.4 de Broglie wavelengths for subatomic particles 


Particle Electron Proton Neutron a-particle Gas molecule 
de Broglie pe ie = 9.0286 = 9.0286 Fo uO ice see 
wavelength ae 7 ir ay  MXVing  V3mkKT 


Solved Example | 5-37 | 


Calculate the wavelength of a particle of mass 3.1 x particle (m) = 3.1 x 10' kg, velocity of particle = 2.21 x 
10°! kg that is moving with a speed of 2.21 x 10’ms'. 10’ms",h = 6.626 x 10“ J s = 6.626 x 10™ kg m’ s“. 
(Use h = 6.626 x 10" J s) Substituting values in equation, we get 


6.626 x10*kg m? s' 


Solution _ 
(3.1x 10"kg) x (2.21 10" ms") 


= 9.67x10'm 


The wavelength of the particle can be computed using 
de Broglie’s equation A = h/mv. Given that mass of the 


Solved Example | 5-38 | 


Show that de Broglie wavelength of electrons accelerated as A=h/mv and K.E.=eV = (1/2)mv’. Now, 
V volt is very nearly given by A (in A) = (150/V)"”. 


h2 1/2 
Solution A= x10” 
2e Vm 
The wavelength is given by i 
._| _ (6.626x10™)? x10” _ Ee 
ga j=" ~19x1.6x10"xVx91xlo™ | | Vv 


Solved Example | 5-39 | 


Find out the number of waves made by a Bohr electron Solution 
in one complete revolution in its third orbit. 


(IIT-JEE 1994) The number of waves that a Bohr electron makes in an orbit 


is in fact its principle quantum number. Now, using Bohr’s 
postulate of angular momentum in the third orbit, we get 
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h ; ; Thus, we have that the circumference of the third orbit 

VE a where n = 3 for third orbit. is equal to three times the wavelength of the electron; 

or in other words, the number of waves made by a Bohr 

According to de Broglie’s equation, A=h/mv. Substituting electron in one complete revolution in its third orbit is 
this in the above expression, we get three. 


Gite 354] = 3A=2ar 
A 20 


Solved Example | 5-40 | 


A ball of mass 100 g is moving with 100 m s”. Find its h 6627x104 
wavelength. (IIT-JEE 2004) a mv 0.1x100 


= 6.62710 m = 6.627x107> A 


Solution 


The wavelength is 


Solved Example 5-411 | 


An electron beam can undergo diffraction by crystals. 1 2 1h 
Through what potential should a beam of electrons be a mea a 2 mks 
accelerated so that its wavelength becomes equal to Substituting values, we get 

L54A. (IIT-JEE 1997) , 


Ve 1x (6.62 x10) 
Solution 2x 9.108 x10 x (1.54 107")? x 1.602 x 10°” 
=63.3 V 


1 h 
From the expressions zm =eV and A=—., we get 
mv 


5.13 | HEISENBERG’S UNCERTAINTY PRINCIPLE 


Calculations on the Bohr model of an atom require precise information about the position of an electron and its veloc- 
ity. According to Heisenberg’s uncertainty principle, it is difficult to measure both quantities accurately at the same 
time. An electron is too small to see and may only be observed if perturbed. For example, we could hit the electron 
with another particle such as a photon or an electron, or we could apply an electric or magnetic force to the electron. 
This will inevitably change the position of the electron, or its velocity and direction. Heisenberg stated that the more 
precisely we can define the position of an electron, the less certainly we are able to define its velocity, and vice versa. 
If Ax is the uncertainty in defining the position and Ap, (or Av,) the uncertainty in the momentum (or velocity), the 
uncertainty principle may be expressed mathematically as: 


h 
Ax- Ap, 2 — 
Ps At 
h h 
or Ax: A(mv,)2— = Ax-Av, 2 — 
“4g “4am 


where h = Planck’s constant = 6.626 x 10 J s. 
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Note: When visible light falls on a macroscopic object, the photons of the incident light are scattered by the object 
and the reflected light enters our eye. We are thus able to see the object, determine its position and estimate its 
velocity. The position and velocity of the macroscopic object does not undergo any distinct change on impact of 
radiation (photon of energy). In contrast, microscopic objects, undergoes considerable change in its path and veloc- 
ity (or momentum) on being struck by a photon of radiation. Thus, it is not possible to simultaneously determine 
the position and velocity of microscopic object like an electron. 


Significance of Uncertainty Principle 


1. The uncertainty principle limits the precision with which two complementary properties — position and 
momentum — of a subatomic particle can be measured. The principle has been expanded to include energy and 
position, angular position and angular momentum, and other pairs of variables that cannot be simultaneously 
known. 


2. It also leads to the conclusion that the properties of a subatomic particle observed are not independent of the 
observer and can take a range of values. 


3. Using Bohr’s atomic theory, we could calculate the radius of a one-electron system (such as H, He* and Li’) 
and the velocity of the electron in orbit. But according to Heisenberg’s uncertainty principle, it is not possible 
to know the position or the velocity of an electron with any degree of accuracy. Therefore, we can only describe 
the probability of finding an electron in a given volume rather than its exact position. In diagrams drawn to 
show the position of electrons, their position at different instances of time is marked as dots. The radius of an 
atom of hydrogen is arbitrarily taken to be the radius of the sphere within which the electron is found 90% of 
the time. 


4. For objects of large mass, the uncertainty in the position (Av) and the uncertainty in the velocity (Av) are insignifi- 
cant because the value of h/47 is very small and is equal to 5.273 x 10” J s and its mass is very large compared to 
the value of h/4z. 

5. Heisenberg’s principle becomes significant in case of microscopic objects like an electron. The mass of an electron 
is 9.11 x 10~' kg, then according to Heisenberg’s principle 


hide 
“ Arm 


Substituting values, we get 


-34 
Ax: Ay, > —O0°8*10"__ 5.79107 m?s 
*— 4x3.14x«9.11x 10 
If we try to find the exact location of the electron, say to an uncertainty of 10’ m, then the uncertainty in its veloc- 
ity will be of the order of 


0.579 x10~ m?s7! 


— =5.79x10* ms? 
10° m 


Ax- Av, 2 


This shows that it is difficult to justify the classical picture of atom based on Bohr’s theory that gives exact position 
and velocity of the electron in a Bohr orbit. 


Note: Heisenberg’s uncertainty principle in terms of time and energy. For photon E = mc’= (mc) (c) = pe. 


E AE 

Therefore, p=— or Ap=— 
Cc c 

h 

Ax x Ap=— 

4n 


(“*)<aee Et amaze 
Cc 4n 4n 
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Solved Example | 5-42 | 


The uncertainty for the calculation of radius of the first From Heisenberg’s uncertainty principle, we have 
Bohr orbit is 2% for the hydrogen atom. What will be the 

uncertainty in velocity of electron in the first Bohr orbit. Ax-mAv > a 

(Given that h = 6.626 x 10" Js and m=9.1 x 10°! kg.) 


where Ax is the uncertainty in position and Av is the 


Salion uncertainty in velocity. Thus, we have 
We know that r = 0.529 x 10° m. If uncertainty is 2%, 
we get oes 6.626 x 10™ 
4x3.14x9.1x107! x 1.06 x 10°" 
Ax =0,529x10°" x = =1.06x10°" m or Av >5.47x10’ ms™ 


Solved Example 5-43 | 


A baseball (m = 200g) is moving with velocity of Solution 
3000 cms". If its position is located with an uncertainty of 


500 nm, what will be the uncertainty in velocity? Bron) PISS oD sie > Pencaple, We Nave Ree Ear 


Ax x Av = h/4am. So, 


pe 6.6x10™ 
500x10° x4x3.14x 200 x 10° 


Solved Example 5-44 | 


What is the maximum precision with which the momen- 6.625x 104 
tum of an electron can be known if the uncertainty in p= 4x3.14x10-5 
the position of electron is + 0.001 A? Will there be any 

problem in describing the momentum if it has a value Now, the given momentum is 


h/2ma, where a, is Bohr’s radius of first orbit, that is, Ai 
0.529 A. h 6.626 x 10 


2ma,  2X3.14x0.525x10" 


=0.52x107’ ms? 


=5.27x10” kgms™ 


=2x10™ Ns 


Solution 


From Heisenberg’s principle, we have Ax x Ap = h/4n, The uncertainty in momentum seems to be about 
Given that Ax = +0.001 A= 10% m. The uncertainty in (5.27x10~ 
momentum is 2x10~74 


itself. 


= 263.5 times as large as the momentum 


5.14 | NUMBER OF WAVES MADE BY THE ELECTRON 


Let the number of waves made be n,, then 


2ar=n,A (5.13) 


Also, A= is (By de Broglie’s equation) (5.14) 
my 
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and pe nh 38) 
2a , 
where nis principal quantum number. 
From Eq. (5.13), (5.14) and (5.15), we get 
nh ) ( h ) 
ua =n, 
27 mv mv 
Therefore, n=n, 


Thus, the number of waves made by an electron is equal to its principal quantum number. 


5.15 | QUANTUM MECHANICAL MODEL OF ATOM 


Quantum mechanical theory of atomic structure was proposed to overcome the theoretical limitations in predicting 
the exact position of an electron at a particular instant. This theory of atomic structure is based on the wave-—particle 
duality of matter. It is insignificant for macroscopic objects because when applied to such objects, it yields the same 
results as those obtained with principles of classical physics. 

In quantum mechanics, the concept of an electron following a definite orbit, where its position and velocity are 
known exactly, is replaced by the probability of finding an electron in a particular position, or in a particular volume of 
space. Postulates of quantum mechanics were developed independently by Heisenberg and Schrédinger. However, the 
fundamental equation of wave mechanics is the Schrédinger wave equation which provides a satisfactory description 
of an atom in these terms of duality of wave and particle. 

For a system, such as an atom, whose energy does not change with time, the Schrédinger equation is given by 


Hy =Ey 


Here H is a mathematical operator called Hamiltonian which is constructed based on the total energy of the system. 
Schrédinger took into consideration all the energies associated with the system, that is, the kinetic energy of all suba- 
tomic particles and potential energy of attraction between electrons and nuclei and that of repulsion among nuclei 
and electrons. Solutions to the wave equation are called wave functions and given by the symbol y. The solution gives 
the probability of finding an electron at a point in space whose coordinates are x, y and z is w*(x, y, z) and the energy 
associated with it. 

For a standing wave (such as a vibrating string) of wavelength A, whose amplitude at any point along x may be 
described by a function f(x), it can be shown that: 


d’ f(x An 
50) MF 
x A, 
If an electron is considered as a wave which moves in only one dimension then: 
dy 4x” 
dx? Vv? id 


An electron may move in three directions x, y and z so this becomes 


2. 2 2 2 
AEE aE ad . 
ox” oy az aA’ 


Using the symbol V instead of the three partial differentials, this is shortened to 


An* 
Vy =- ge 
The de Broglie relationship states that 
h 
A=— 
mv 
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where his Planck’s constant, m is the mass of an electron and v its velocity. Now, 


An? my" 
cae ae 
4 Dineen SD 
or ee =0 (5.16) 


However, the total energy of the system E is made up of the kinetic energy + the potential energy 
E=KE4+V>KE.=E-V 


But the kinetic energy = (1/2)mv’, so 
Ler =E-V>v =) 
2 m 


Substituting for v’ in Eq. (5.14) gives the well-known form of the Schrédinger equation, 


8x 


2 
m 


Vy+ 


Note that comparison with short form of Schrédinger equation 


H y= Ey 
shows that Hamiltonian operator can be given by 
2 
H= “a V+V 
827m 


Hydrogen Atom and the Schrédinger Equation 


The solution to the Schrédinger’s wave equation for hydrogen atom gives the possible energy level that the electron 
may occupy and the corresponding wave function y. 


8x 


Vywt 
haar 


2 
m 
(E-V)y=0 


Acceptable solutions to the wave equation, that is, solutions which are physically possible, must have certain properties: 


1. yw must be continuous. 

2. yw must be finite. 

3. w must be single valued. 

4. The probability of finding an electron at a point x, y, z over all space fv dxdydz=1. 


Several wave functions called y,, y,, W;, ..., will satisfy these conditions to the wave equation, and each of these 
has a corresponding energy levels E,, E,, E;,..., which an electron can occupy which are quantized. Each of these 
wave functions Y,, YW, ..., 18 called an orbital, by analogy with the orbits in the Bohr theory. In a hydrogen atom, the 
single electron normally occupies the lowest of the energy levels E,. This is called the ground state. The correspond- 
ing wave function y, describes the orbital, that is, the region in space where there is a high probability of finding 
the electron. For a one-electron system such as hydrogen, the probability of finding an electron at a point within the 
atom is |y[’. 
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Note: The amplitude is squared because, mathematically, the amplitude can be either positive or negative, but 
probability only makes sense if it is positive. Squaring the amplitude assures us that the probabilities will be 
positive. 


The quantum mechanical theory can predict and explain all the observations regarding hydrogen spectrum including 
those not explained by Bohr’s theory. The application of Schrédinger’s wave equation to multi-electron systems is 
somewhat more complicated and its solution is not easily obtained. 


Important Features of Quantum Mechanical Model 
Important features of quantum mechanical model are: 


1. The energy of electrons in an atom is quantized, that is, they can have only specific values when bound to nucleus 
in an atom. The quantized energy levels of the electrons result from the wave nature of electrons (de Broglie’s 
dual behavior of matter). 


2. All the information about a particle (electron) in a given energy level is contained in the wave function y which 
corresponds to the allowed (physically possible) solutions of the Schrédinger wave equation. 


3. Since it is not possible to determine both the exact position and velocity of the electron in an atom (Heisenberg’s 
uncertainty principle), the path of an electron in atom cannot be determined accurately. Hence, the concept of 
probability of finding the electron at a point is introduced in quantum mechanics. 


4. The probability of finding an electron in an atom is proportional to | y [’, that is, the square of wave function and is 
known as probability density. It always has a positive value and the value at different points in atom corresponds 
to region around the nucleus where the electron is most likely to be found. 


5. The wave function and its square |y |’ have values for all locations about the nucleus. For hydrogen atom, 
ly |’ is large near the nucleus and decreases with increase in distance away from the nucleus. This indi- 
cates that the probability of finding the electron is the maximum near the nucleus and decreases as the dis- 
tance from nucleus increases. The value becomes extremely small with increasing distance but at no point, it 
becomes zero. 


6. The wave function y obtained by solving Schrédinger equation for an electron in an atom corresponds to the 
atomic orbital. Since the equation can have many solutions, there are various possible wave functions y for an 
electron and hence many possible atomic orbitals. These orbitals form the basis of electronic structure of atoms. 
Each orbital has a definite energy and can accommodate two electrons. 


7. In multi-electron atoms, the electrons are filled in various orbitals in increasing order of energy. 


8. For a given type of atom, there are a number of solutions to the wave equation which are acceptable, and each 
orbital may be described uniquely by a set of three quantum numbers, v (principal quantum number), / (azimuthal 
quantum number) and m, (magnetic quantum number). 


9. A node is defined as point where the probability of finding an electron is zero. If it is a plane where probability 
of finding an electron is zero, then it is known as nodal plane. If it is a surface at which probability of finding the 
electron is zero, then it is known as the nodal surface. The value of y’ will be zero at any node. 


Solved Example | 5-45 | 


The Schrédinger wave equation for hydrogen atom is Solution 
1 hie ; The probability of finding 2s electron will be 
Yos = 705 =| Je" 3 2 
CA) 40 me 2 if if ) r ) -2rla 
2s = : 
where a, is Bohr’s radius. Let the radial node in 2s be at r,. 320 \ dy My 
Then find 7 in terms of a). (IIT-JEE 2004) 
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Node is a point where probability of finding an electronis The only factor that can be zero is 


zero. Thus, w>, = 0 when r= r,. Therefore, 


2-%=0 >7=2a, 


2 2 
1 1 2 ‘ty e2r!% = 0 #o 
327 \ dy Ay 
Solved Example | 5-46 | 


(a) Write down the general form of the Schrédinger where y is the amplitude of the wave, EF is the total 
equation and define each of the terms in it. energy of the electron, V is the potential energy, m is 
(b) Solutions to the wave equation that are physically the mass of the electron, / is the Planck’s constant 
; : and a’ y/dx (or d°y/dy* or d’y/dz’) is the second dif- 
possible must have four special properties. What are yi yloy y 
they? ferential of y. 


(b) They are four quantum numbers, that is, principal 
Solution quantum number, azimuthal quantum number, mag- 
netic quantum number and spin quantum number. 
The conditions for the solution of a wave function to 
be valid are: that the wave function must be continu- 

2 2. 2: 2. j j 

a v . a v ; a v . sam (E-Vyy <0 ous, finite and single valued. 
ox” dy az h 


(a) The general form of the Schrodinger wave equa- 
tion is 


5.16 | RADIAL AND ANGULAR WAVE FUNCTIONS 


The Schrédinger equation can be solved completely for the hydrogen atom, and for related ions which have only one 
electron such as He* and Li*. For other atoms only approximate solutions can be obtained. For most calculations, it 
is simpler to solve the wave equation if the Cartesian coordinates x, y and 
z are converted into polar coordinates r, @ and ¢. The coordinates of the 
point A measured from the origin are x, y, and z in Cartesian coordinates, 
and r, @ and @ in polar coordinates. It can be seen from Fig. 5.25 that the 
two sets of coordinates are related by the following expressions: 


>N 


Z=rcos@ y=rsin@sing x=rsinOcos@ 


The Schrédinger equation is usually written: 


82°m 
Vyt 7p (E-V)y =0 
x 
h A A 
ee ¥ ax? - oy’ . az’ Figure 5.25 The relationship between 


cartesian and polar coordinates. 


Changing to polar coordinates, Vy becomes 


2 
: 2(n7 4) : = Ran a e (sino SX) 
ror or) rsin'@ d@ rsin@d 00 00 
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The solution of this is of the form 


y = R(r)-0(@)-®(9) (5.17) 


where R(r) is a function that depends on the distance from the nucleus, which in turn depends on the quantum num- 
bers n and 1. T(@) is a function of @, which depends on the quantum numbers / and m. ®(@) is a function of ¢, which 
depends only on the quantum number m. Equation (5.18) may be rewritten as 


y a RO) : An (5.18) 


This splits the wave function into two parts which can be solved separately: 


1. R(r) the radial function, which depends on the quantum numbers n and 1. 


2. A,, the total angular wave function, which depends on the quantum numbers m and /. 


ml 


Radial Distribution Curve 


1. Since we are only plotting the radial part of the curve, therefore 
y = R(r) Radial wave function 
yw’ = R’(r) Radial probability density 
y-4m’dr = R’(r)4ar’dr_ __-_ Radial probability distribution 


2 _ Probability 
” dV 
In Fig. 5.26, the small segment of volume dV is given by 


LS 


Figure 5.26 
dV = 4 a(r+ dr)’ - a 
3 3 


= Seis 2 a ae 4% 4 (3r)(dr)? + 4 (dr)? ~ ge 
3 3 3 3 3 


~ Arr’ dr 
Since yw -dV = Probability = w*4a’dr 


2. Total number of radial nodes = n—/-1 
Total number of angular nodes = / 
Therefore, total number of nodes = n-1 
In the radial distribution curve we only take radial nodes, that is, n—/-1 
This is under the assumption that r = 0 (nucleus) and r = ~ are not nodes. (If both both of them to be considered, 
then radial nodes = n-/-1+2=n-1+1). 
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3. The value of yor R(r) varies as +, -, +, -, as shown in Fig. 5.27(a). 


The value of y’ or R’(r) is always positive as shown in Fig. 5.27(b). 


R°(r) 


(b) 
The value of y?-4zr’dr or R°(r)427° dr is always positive as shown in Fig. 5.27(c). 


R?(r) 


(c) 
Figure 5.27 The value of (a) wor R(n; (b) yw or R(r) and (c) y~*: 42° or R°(n) 4ar° dr as a function of r. 


4, The value of R(r) and R’(r) decreases with increase in r. The value of R?(r)4ar’dr increases with increase in r. 
5. For s orbital, values of R(r) and R’(r) are non-zero at r= 0. 
For p, d and f orbitals, values of R(r) and R’(r) are zero at r= 0. 


6. is the distance from the nucleus at which total probability of finding an electron is the maximum. 


Tmax 


Consider the radial parts of the distribution curve for radial wave function, radial probability density and radial prob- 
ability distribution for the following orbitals in Fig. 5.28. 


1. For ls:n =1,/=0,n—1]-1=0 


R(r) R?(r) R°(r)4ar? dr 


| > r > r 


2. For 2s:n =2,/=0,n—-1-1=2-0-1=1 


R°(r) R(r) R?(n4ar2 dr 
1 node 
r t 


1 node 


1 node /max 
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3. For 2p:n=2,l=1,n-1-1=0 


R?(r)4ar? dr 


4. For 3p:n=3,l=1,n-1-1=1 


R(r) | | 
; 
Ty R?(r) 
| 


1 node 


Vv 


5. For 3d:n =3,1=2,n-1-1=0 


ae ! | R?(r) R?(r)4ar? dr 
4 Tmax 
R(r) 


6. For 4d:n =4,1=2,n—-1-1=1 


>I 
1 node 
R(r) 1 node R?(r)4ar? dr 
r >I 
1 node 


Figure 5.28 Radial part of distribution curve for different orbitals. 


Tmax 


Consider the following radial probalility distribution curve made of 4d and 3p orbitals as shown in Fig. 5.29. Then the 
curve corresponding to each orbital can be identified as follows. 


Tmax, 


Tmax2 


Figure 5.29 Radial probability distribution curve for 3p and 4d orbitals. 


As n increases /,,,, increases, therefore, r,,,, of 4d > r,,,, of 3p. Thus, curve 2 represents 4d and curve 1 represents 3p 
orbitals, respectively. 


Note: If n is the same for any orbital, then r, 


max 


of s > p >d> f. For example, r,,,, for 4s > 4p > 4d. 


max 
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Plot of Angular Wave Function 


The angular wave function A depends only on the direction, and is independent of the distance from the nucleus (7). 
Thus, A’ is the probability of finding an electron at a given direction 6, @ at any distance from the nucleus to infinity. 
The angular functions A are plotted as polar diagrams in Fig. 5.30 It must be emphasized that these polar diagrams do 
not represent the total wave function y, but only the angular part of the wave function. 


Z 
° 
y 
1s 
Z Z Z: 
x x x 
y y y 
2Px 2Py 
2pz 
y Zz 
x &: 
Sd. 3dyz 
y Z 
A A 
-€fs- x x 


Bde 3dz 


Figure 5.30 Boundary surface for the angular part of the wave function A(@, @) for the 1s, 2p and 3d orbitals for 
a hydrogen atom shown as polar diagrams. 


Note: Polar diagrams are commonly used to illustrate the overlap of orbitals giving bonding between atoms. These 
diagrams are suitable for this purpose, as they show the signs + and — relating to the symmetry of the angular 
function. For bonding, like signs must overlap. 


Some important features of angular wave function plots are: 


1. It is difficult to picture an angular wave function as a mathematical equation. It is much easier to visualize a 
boundary surface, that is, a solid shape, which for example contains 90% of the electron density. To emphasize that 
y is a continuous function, the boundary surfaces have been extended up to the nucleus in Fig. 5.30. For p orbitals 
the electron density is zero at the nucleus, and some texts show a p orbital as two spheres which do not touch. 
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2. These diagrams show the symmetry for the 1s, 2p, 3d orbitals. However, in the others, 25,35, 4s... ,3p,4p, 5p... , 
4d, 5d .... the sign (symmetry) changes inside the boundary surface of the orbital. This is readily seen as nodes in 
the graphs of the radial functions (Fig. 5.29). 

3. The probability of finding an electron at a direction 0, @ is the wave function squared, A’, or more precisely yw; W- 
The diagrams in Fig. 5.30 are of the angular part of the wave function A, not A’. Squaring does not change the 
shape of an s orbital, but it elongates the lobes of p orbitals (Fig. 5.31). 


Z Z: 2, 
A 
x x x 
y y y 
2Px 2Ppy 
2Pz 


Figure 5.31 The angular part of the wave function squared A*(6, @) for the 2p orbitals for a hydrogen atom. 


Plot of Total Wave Function 
The total wave function is made up from contributions from both the radial and the angular functions. 
y=R(r)-A 
Thus, the probability of finding an electron simultaneously at a distance r and in a given direction 0, @ is given by 
Vr0.9 = Rr) A’(8,9) 


A full representation of the probability of finding an electron requires the total wave function squared and includes 
both the radial and angular probabilities squared. It really needs a three-dimensional model to display this probabil- 
ity, and show the shapes of the orbitals. It is difficult to do this adequately on a two-dimensional piece of paper, but a 
representation is shown in Fig. 5.32. 


2Px 2py 2p, 


Figure 5.32 Total wave function (orbitals) for hydrogen. 
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The azimuthal or subsidiary quantum number (also known as orbital angular momentum) is represented by / and 
describes the three-dimensional shape of the orbital occupied by the electron. The quantum number / may have values 
0,1,2,... (1-1). When /=0, the orbital is spherical and is called an s orbital; when / = 1, the orbital is dumbbell-shaped 
and is called a p orbital; when /=2, the orbital is double dumbbell-shaped and is called a d orbital and when /=3 a more 
complicated f orbital is formed. Each shell has one or more subshells which depend on the value of n. For n = 1, there is 
only one subshell, which corresponds to /=0. For n =2,here are two subshells corresponding to /=0, 1. For n =3, the num- 
ber of subshells is three corresponding to /=0,1,2.The subshells corresponding to various values of / are listed as follows 


Value for | 0 1 2 3 4 5 
Notation for subshell s Dp d i g h 


The magnetic quantum number (77,) is used to describe the orientation in space of a degenerate orbital. (It is called the 
magnetic quantum number because the effect of different orientations of orbitals was first observed in the presence of 
a magnetic field.). It is given by 2/+ 1 (Table 5.5). 


Table 5.5 Atomic orbitals 


Principal quantum number — Subsidiary quantum number — Magnetic quantum numbers Symbol 

n | mz 

1 0 0 1s (one orbital) 

2) 0 0 2s (one orbital) 

D) 1 —1,0,+1 2p (three orbitals) 
3 0 0 3s (one orbital) 

3 il —1,0,+1 3p (three orbitals) 
3 2} —2,-1,0,+1, +2 3d (five orbitals) 
4 0 0 4s (one orbital) 

4 1 —1,0,+1 4p (three orbitals) 
4 2 —2,-1,0,+1, +2 4d (five orbitals) 
4 3 —3,—-2,-1,0, +1, +2, -3 4f (seven orbitals) 


Selection Rules Governing Allowed Combinations of Quantum Numbers 


Atomic spectra have shown that electrons in atoms occupy discrete energy states or energy levels. The quantum 
mechanical model allows only certain combinations of quantum numbers to describe these states. The allowed combi- 
nations of quantum numbers can be determined from the following set of rules. 

1. The three quantum numbers (n, / and m,) are all integers. 

2. The principal quantum number (7) cannot be zero. The allowed values of n are therefore 1,2,3,4,.... 


3. The angular quantum number (/) can be any integer between 0 and n — 1. If n =3, for example, / can be either 
0,1 or 2. 


4. The magnetic quantum number (m,) can be any integer between —/ and +/. If /=2,m,can be —2, -1,0, 1 or 2. 


The information provided by the four quantum numbers is summed up in Table 5.6. 


Table 5.6 Information obtained from the four quantum numbers 


Principal quantum number (n) Azimuthal quantum number (/) Magnetic quantum number (m,) 

The main shell in which the electron The number of subshells present inthe | The number of orbitals present in 

resides nth shell each subshell or the orientation of the 
subshells 

The energy of the orbital The energy of the orbital in a multi- 


electron system 


Approximate distance of the electron Shape of the orbitals 
from the nucleus 


(Continued) 
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Table 5.6 (Continued) 


Principal quantum number (n) Azimuthal quantum number (/) Magnetic quantum number (m,) 
The maximum number of electrons For a given value of n,/can have values For a given value of /,m =—1/ to +1 
present in the shell from 0 to n — 1. In each subshell, there 

are (2/ + 1) types of orbitals 
Represented by integers 1,2,3,...or K, | 7=0,s subshell For s subshell: s 
L, M,N, etc. /=1, p subshell For p subshell: p,, p,, P. 

1 =2,d subshell For d subshell: d,,, d,,,4,.,42,4,2_, 

1 = 3, f subshell : 
Accounts for the main lines in the Accounts for the fine lines in the atomic Accounts for the splitting of lines in the 
atomic spectrum spectra atomic spectrum 


Shapes of Atomic Orbitals 


An electron behaves as if it were spread out around the nucleus in a sort of electron cloud. 
Three things are important to understand how electron density distributes itself in 
atomic orbitals, the shape of the orbital, its size, and its orientation in space relative 
to other orbitals. The electron density in an orbital does not end abruptly at some 
particular distance from the nucleus. It gradually fades away. Therefore, to define the 
size and shape of an orbital, it is useful to picture some imaginary surface enclosing, 
say, 90% of the electron density of the orbital, and on which the probability of finding 
the electron is everywhere the same. 

For the 1s orbital, we find that if we go out a given distance from the nucleus in any 
direction, the probability of finding the electron is the same. Figure 5.33 is a dot-density 
diagram that illustrates the way the probability of finding the electron varies in space for a 
1s orbital. In those places where the dot density is large (i.e., where there are large numbers 
of dots per unit volume), the amplitude of the wave is large and the probability of finding 
the electron is also large. This means that all the points of equal probability lie on the 
surface of a sphere, so we can say that the shape of the orbital is spherical. 

In fact, all s orbitals are spherical but their sizes increase with increasing n. This 
is illustrated in Fig. 5.34. Notice that beginning with the 2s orbital, there are certain places where the electron density 
drops to zero. These are spherical-shaped nodes of the s orbital electron waves which consist of imaginary spherical 
surfaces on which the electron density is zero. The orbitals become larger as the principal quantum number, n, becomes 
larger. All the s orbitals except the first one (1s) have a shell-like structure, rather like an onion or a hailstone, consist- 
ing of concentric layers of electron density. 


Figure 5.33 A dot-density 
diagram that illustrates 

the electron probability 
distribution for a 1s electron. 


Nodes 


3s 


Figure 5.34 Size variations among s orbitals. 


For the p orbitals the electron density is equally distributed in two regions on opposite sides of the nucleus. 
Figure 5.35(a) illustrates the dot-density diagram showing two “lobes” of one 2p orbital. Between the lobes is a nodal 
plane — an imaginary flat surface on which every point has an electron density of zero. The size of the p orbitals also 
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increases with increasing vas illustrated by the cross-section of a 3p orbital in Fig. 5.35(b). The 3p and higher p orbitals 
have additional nodes besides the nodal plane that passes through the nucleus. 


Nodal plane Nodal plane 
perpendicular perpendicular 
to the page to the page 


(a) (b) 


Figure 5.35 Distribution of electron density in p orbitals. 


Similarly, Fig. 5.36(a) illustrates the shape of a surface of constant probability for a 
2p orbital and Fig. 5.36(b) is a simplified representation of a p orbital that empha- « eo: ® 
sizes the directional nature of the orbital. 

A p subshell consists of three orbitals of equal energy. Wave mechanics tells (a) (b) 
us that the lines along which the orbitals have their maximum electron densities 
are oriented at 90° to each other, corresponding to the axes of an imaginary xyz 
coordinate system (Fig. 5.37). For convenience, in referring to the individual p 
orbitals they are often labeled according to the axis along which they lie. The p 2 
orbital concentrated along the x axis is labeled p,, and so forth. 

The shapes of the d orbitals, illustrated in Fig. 5.38, are a bit more com- 
plex than are those of the p orbitals. Because of this, and because there are five 
orbitals in a d subshell, we have not attempted to draw all of them at the same 
time on the same set of coordinate axes. Notice that four of the five d orbitals 
have the same shape and consist of four lobes of electron density. These four d 
orbitals each have two perpendicular nodal planes that intersect the nucleus. 
These orbitals differ only in their orientations around the nucleus (their labels 
come from the mathematics of wave mechanics). The fifth d orbital, labeled d., 
has two lobes that point in opposite directions along the z axis plus a dough- 
nut-shaped ring of electron density around the center that lies in the xy plane. 
The two nodes for the d., orbital are conic surfaces whose peaks meet at the 
nucleus. : 


Figure 5.36 Representations 
of the shapes of p orbitals. 


Figure 5.37 The shape of the 
three p orbitals in a p subshell. 


Zz Z Z Zz Z 
x yx : yx 3 yx | | yx & 
Any Axe yz Oye ¥ dye 


Figure 5.38 The shapes and directional properties of the five d orbitals of a d subshell. 
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Names of Nodal Planes in p and d Orbitals and Nodal Surfaces 


Nodal plane in p, = yz nodal plane (Nodal plane along the axis) 

Nodal plane in p, = xz nodal plane (Nodal plane along the axis) 

Nodal plane in p, = xy nodal plane (Nodal plane along the axis) 

Nodal plane in d,, = xz and yz nodal plane (Nodal plane at 45° to the axis) 
Nodal plane in d,. = xy and xz nodal plane (Nodal plane at 45° to the axis) 
Nodal plane in d,, = xy and yz nodal plane (Nodal plane at 45° to the axis) 
Nodal plane ind, _.= xy and yz nodal plane (Nodal plane along the axis) 


Electron Spin and Spin Quantum Number 


The presence of the fourth quantum number was proposed in 1925 by George Uhlenbeck and Samuel Goudsmit 
in 1925. In an experiment conducted by Stern and Gerlach, when a beam of atoms with an odd number of elec- 
trons is passed through an uneven magnetic field, the beam is split in two. The splitting occurs because the elec- 
trons within the atoms interact with the magnetic field in two different ways. Based on experimental observations, 
they postulated that the electron had an intrinsic angular momentum, independent of its orbital characteristics. The 
electrons behave like tiny magnets, and they are attracted to one or the other of the poles depending on their ori- 
entation. This can be explained by imagining that an electron spins around its axis, like a toy top. A moving charge 
creates a moving electric field, which in turn creates a magnetic field. The spinning electrical charge of the electron 
creates its own magnetic field. This electron spin could occur in two possible directions, which accounted for the 
two beams. 

Electrons do not actually spin but the magnetic properties of electrons are just what we would see if the electron 
were a spinning charged particle, and it is useful to picture the electron as spinning. The concept of electron spin led 
to the fourth quantum number for the electron, called the spin quantum number, m,, which can take on two possible 
values: m, = +1/2 or m, = —1/2, corresponding to the two beams. 

The spin quantum number m, refers to the two possible orientations of the spin axis of an electron and can 
take the values +1/2 and —1/2 for a given value of m. An electron spins around its own axis (like the earth) while 
moving around the nucleus in its orbital. This electronic spin gives rise to a circulating electric charge that gener- 
ates a magnetic field. The spin angular momentum of the electron is a vector that can take two values (+1/2 and 
—1/2) corresponding to the two spin states of the electron. +1/2 or -1/2 may not necessarily imply spin up or spin 
down. It is ok even to assign +1/2 to spin down and vice versa. An orbital can contain a maximum of two elec- 
trons and there are two possible spin states, so the electrons present in one orbital will always have opposite spins. 
It accounts for magnetic properties of substances. 


Solved Example | 5-48 | 


Find the velocity (m s”) of electron in first Bohr’s orbit as for hydrogen atom, Z = 1, n = 1. Now, the de Broglie’s 

of radius a,. Also find the de Broglie’s wavelength (inm). wavelength is 

Find the orbital angular momentum of 2p orbital of Bi 

hydrogen atom in units of h/2z. (IIT-JEE 2005) ,- 7 _ 6.26 x 107 —~ 334x109 m=-33A 
mv 91x10"! x2.18x 10° 


shai For 2p,/=1,so the orbital angular momentum is 


Since mvr = nh/27 and r = a, = 0.529 A, we have the veloc- 


ity of the electron as li(i+1 Mh 2 a 
- ( ) 20 a2 20 
ie nh | 6.626 x 10“ 
2amr 2x3.14x9.1x10™ x0.529x 107" 
=2.18x10° ms” 
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Solved Example 5-49 | 


Write down the values of quantum numbers of all the 


n | m s 
electrons present in the outermost orbit of neon (atomic 5 
2s5 D 0 0 + 1/2,-1/2 
number 10). 
2p? 2 1 +1 22 
Solution 2p; 2 1 +1 + 1/2,-1/2 
The electronic configuration of neon is 1s°, 2s°, 2p°. Values 2p: 2 1 0 + 1/2,-1/2 


of quantum numbers are as follows. The outermost orbit 
hasn=2and/=Oton-1. 


Solved Example | 5-50 


(a) An electron is in 6f orbital. What possible values of P= 
quantum numbers n, /,m and s can it have? 


m=0 


m=-1,0,+1 
m=-2,-1,0,+1,+2 
m=-3,-2,-1,0, +1, +2, +3 
m=-4 to +4 including 0 


(b) What designation is given to an orbital having 
(i) n=2,1/=1 and (ii) n=3,/=0? 


Solution 


ee 


ll 
An WN RF © 


(a) For an electron in 6f orbital, quantum numbers te a incline 


are: (b) The designations are (i) 2p and (ii) 3s. 


Solved Example 5-511 | 


Using s, p, d, f notations, describe the orbital with the 


| Orbital 
following quantum numbers: (a) 1 = 2,/ = 1; (b) n =4, : : = a 
1=0; (ce) n=5,1=3;(@) n=3,1=2. i) P 
Solution (c) 5 3 5f 
The orbitals are (d) . 2 3d 


Solved Example | 5-52 


What is the maximum number of electrons that may be Solution 
present in all the atomic orbitals with principle quantum 
number 3 and azimuthal quantum number 2? 

(IIT-JEE 1985) 


For n = 3 and / = 2 (i.e., 3d orbital), the values of m var- 
ies from —2 to +2, that is, -2,-1, 0,+1, +2 and for each m 
there are 2 values of s, that is, +1/2 and —1/2. The maxi- 
mum number of electrons in all the five d-orbitals is 10. 


Energies of Orbitals 


In case of hydrogen, the energy of electron is determined only by the principal quantum number. The energy of all the 
orbitals in a given shell is the same, irrespective of the shape of the orbital. Thus, the order of energy levels is 


1s <2s=2p<3s=3p=3d<4s=4p=4d=4f 


The orbitals having the same energy are known as degenerate orbitals. The electron in hydrogen atom in its most 
stable state resides in the 1s orbital and this state is referred to as the ground state and the electron is most strongly 
held by the nucleus in this state. When the electron is raised to higher energy states, such as 2s, 2p, etc., it is said to be 


in the excited state. 
https://telegram.me/unacademyplusdiscounts 


elegram @unacademyplusdiscounts 


Chapter 5 | Atomic Structure 


In case of multi-electron atoms, the energy of an electron is determined by both the principal quantum number 
and the azimuthal quantum number, that is, it depends on both the shell as well as the subshell. For a given princi- 
pal quantum number, s, p, d and f orbitals will have different energies. The relative energies of electron in an atom 
containing two or more electrons is shown in Fig. 5.39. 


Figure 5.39 Energy level diagram for atoms with two or more electrons. 


The important observations from the energy level diagram are: 


1. All the orbitals of a given subshell have the same energy. 


2. In going upwards on the energy scale, the spacing between successive shells decreases as the number of subshells 
increases. This leads to some overlapping of shells having different values of n. For instance, the 4s subshell is 
lower in energy than the 3d subshell, 5s is lower than 4d, and 6s is lower than 5d. In addition, the 4f subshell is 
below the 5d subshell and 5f is below 6d. 


Solved Example | 5-53 | 


Within any given shell, how do the energies of the s,p,d Solution 
and f subshells compare? What fact about the energies 
of subshells was responsible for the apparent success of 
Bohr’s theory about electronic structure? 


The energies of s, p,d and f subshells increase in the order 
as s<p<d<f. The success of the Bohr’s theory lies in 
the fact that the energies of the orbitals were arranged 
according to their shell value, that is,s being more close to 
the nucleus has the least energy while f being farthest has 
the maximum energy. 


Solved Example 5-54 | 


What are the two properties of orbitals in which we are important because we normally find atoms in their most 

most interested? Why? stable states, which we call their ground states, in which 
electrons are at their lowest possible energies. 

Solution 


The two properties of orbitals in which we are most inter- 
ested are their shapes and energies. Their energies are 
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Effective Nuclear Charge 


In case of hydrogen or hydrogen-like species, only attractive electronic forces between negatively charged electrons 
and positively charged nucleus are present. In case of multi-electron atoms, in addition to these forces of attraction, 
forces of repulsion exist between negatively charged electrons and positively charged nucleus. The atom is stable 
because the total attractive forces of interaction are more than the repulsive forces. The attractive forces of interaction 
increase with increase in positive charge (Ze) on the nucleus. However, the electrons in the outer shell are not able to 
experience the full force of attraction of the positive charge on nucleus due to presence of intervening inner orbital 
electrons. This is known as the shielding of the outer electrons of an atom from the positive charge of nucleus by the 
inner shell electrons. The net positive charge experienced by the outer shell electrons due to shielding effect is known 
as the effective nuclear charge (Z.,,). Despite the shielding effect, the attractive forces experienced by the outer elec- 
trons increase with increase in atomic number (Z). 

The effective nuclear charge experienced by the outer electrons depends on the shell and shape of orbitals in 
which the electrons are present. Some important features are as follows: 


1. Within the same shell, electrons in the s orbitals shield the outer shell electrons from positive charge of the nucleus 
more effectively than the p orbitals due to their symmetrical shape. Similarly, the shielding effect of electrons in p 
orbitals is more than that of the d orbitals due to their shape. 


2. The electron in s orbital spends more time closer to the nucleus as compared to electron in a p orbital due to its 
spherical shape and electrons in p orbital spend more time near the nucleus than electrons in d orbitals. Thus for 
a given principal quantum number, the effective positive nuclear charge decreases with increase in azimuthal 
quantum number. 

3. The (1 + /) rule is used for determining the energies of different orbitals. Lower the (” + /) value for an orbital, 
lower is the energy. 

4. Similar orbital in different atoms have different energies because the effective nuclear charge is different. The 
energies of similar orbitals decrease with increase in nuclear charge. 


Rules to Calculate Effective Nuclear Charge 


1. Write down the electronic configuration of the element. 

2. Fill the electrons according to Aufbau’s principle. 

3. For shielding constant, the electrons to the right of the electron under consideration are not taken into account. 
4. The shielding constant is calculated as follows: 


(a) All other electrons present in the same group as the electron under consideration provide shielding of 0.35 
nuclear charge units. Group 1s is the exception here. The other electron contributes only 0.30 nuclear charge 
units. 


(b) If the group is of the s, p type, an amount of 0.85 units from each electron of (n — 1) shell and an amount of 
1.00 unit for each electron of (nm —2) and lower shell. 


(c) Ifthe group is of the d or f type then an amount of 1.00 unit for each electron from all electrons lying left to 
that orbital. 


Solved Example 5-55 | 


Calculate the effective nuclear charge in nitrogen for Solution 


2p electron. 3 : F : 
P Electronic configuration of nitrogen is 1s°2s°2p’. 


Screening constant, o= (0.35 x 4) + (0.85 x 2) =3.10 
Effective nuclear charge, Z,,,= Z— 0= 7 —3.10 =3.90 
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Solved Example 


Calculate the effective nuclear charge in zincfor 4s electron _ For 4s electron, o = (0.35 x 1) + (0.85 x 18) + (1 x 10) = 25.65 
and for 3d electron. Ze= Z-0= 30 — 25.65 =435 

Solution For 3d electron, o= (0.35 x 9) + (1 x 18) = 21.15 

Loy = Z— C= 30- 21.15 =8.85 


Electronic configuration of zinc is 1s°2s°2p°3s°3p°3d'"4s". 


5.18 | ELECTRONIC CONFIGURATION OF ATOMS 


Aufbau Principle 


In the case of atoms, electrons occupy the available orbitals in the subshells of low- 
est energy. This is known as the Aufbau principle (from the German for “building 
up”). The assignment of all the electrons in an atom into specific shells and sub- 
shells is known as the element’s electron configuration (Fig. 5.40). 

It is important to know the sequence in which the energy levels are filled. 
Figure 5.39 is a useful aid, which shows the order of filling of energy levels as: 
1s, 2s, 2p, 3s, 3p, 4s, 3d, 4p, 5s, 4d, Sp, 65, 4f, 5d, 6p, 7s, etc. 


The (n + /) rule: 


1. Higher the value of (n + /) for a given orbital, greater is it’s energy. For exam- 
ple, 4s (1+ 1=4 +0 = 4) is has higher energy than 3s (n + /=3 + 0 =3) 


2. If (n + 1) value for two orbitals are same, then the orbital with higher value 
of n will have higher energy. For example 4s (n + /=4+0=4) and 3p (n+/= 
3 + 1 =4) have same (n + /) values, therefore 4s will have higher energy than 
3p orbital due to higher value of n. 


Figure 5.40 Sequence of 
filling energy levels. 


Hund’s Rule of Maximum Multiplicity 


Hund’s rule states that where orbitals are available in degenerate sets, maximum multiplicity is preserved; that is, elec- 
trons are not paired until each orbital in a degenerate set has been half-filled. This is an empirical rule that determines 
the lowest energy arrangement of electrons in a subshell. It implies that pairing of electrons in orbitals of p, d and f 
subshells does not take place till each orbital belonging to that subshell has got one electron each. 


Note: Since there are three p, five d and seven f orbitals, the pairing of electrons in them would begin with the 4th, 
6th and 8th electron, respectively. This is because half-filled and completely filled states are associated with extra 
stability. 


Pauli’s Exclusion Principle 


Three quantum numbers n, / and m,are needed to define an orbital. Each orbital may hold up to two electrons, provided 
they have opposite spins. An extra quantum number is required to define the spin of an electron in an orbital. Thus, four 
quantum numbers are needed to define the energy of an electron in an atom. The Pauli exclusion principle states that 
no two electrons in one atom can have all four quantum numbers the same. By permutating the quantum numbers, the 
maximum number of electrons which can be contained in each main energy level can be calculated. 
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Subshell Number of Orbitals © Maximum Number of Electrons 


Ss il 2 
7) 3 6 
d 5 10 
f 7 14 


The maximum electron population per shell is shown below. 


Shell Subshell Maximum Shell Population 
1 iy 2 2 

2 2s 2p 8 (2 +6) 

3 3s 3p 3d 18 (2+6+10) 

4 4s 4p 4d 4f 32) (2+6+10+ 14) 


This trend shows that the maximum electron population of a shell is 2n’. 


Writing Electronic Configuration 
Electronic configuration of atoms is the distribution of electrons into atomic orbitals. When atoms are in their ground 
state, the electrons occupy the lowest possible energy levels (Fig. 5.41). 


Principal quantum 1 2 
number n | | = 4° 4 
Subsidiary quantum 0 0 1 0 1 2 
| ee a a 
Magnetic quantum 0 0 -1 0 +H1 0 -1 0 +1 -2 -1 0 +H1 +2 
ee et ee Pe 
: pod A ee. ea a et a a a ce a a a a oe a te a 
Spin quantum to-3 to-e to-a te-a tee tee te-e te ates ta-e ta-a ta-2 ta-2 to-2 
number m, —_—= —— 
Total 2 2s 6p 2s 6p 10d 
electrons electrons electrons 
a, 
Total 8 electrons Total 18 electrons 


0 
i 0 -1 0 +1 -2 - 0 +1 +2 3 2 1 0 1 2 3 
maeotgteatetdaoty tot pte ty De a de A dn Ag Me Mg Te A Men Mg Te Me A Med op NK 
ee BB Bo oe eee BO ee ee ee ee ee oD eB 
—— 
2s 6p 10d 14f 


Total 32 electrons 


Figure 5.41 Quantum numbers, the permissible number of electrons and the shape of the periodic table. 


To show the positions of the electrons in an atom, the symbols 1s, 2s, 2p, etc. are used to denote the main energy level 
and sublevel. A superscript indicates the number of electrons in each set of orbitals. Thus for hydrogen, the 1s orbital 
contains one electron, and this is shown as 1s’. For helium, the 1s orbital contains two electrons, denoted 1s’. The elec- 
tronic structures of the first few atoms in the periodic table may be written as shown. 
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1BL ie 

He 1s° End of Period 1 of the Periodic table. 
Els) 2s; 

Be 1s? 2s? 

B Is 257 2p 

C is DB? Dr 

N ils? 25° Dr 

© is Be Dr 

i il Ds? Dr 


Ne 1s’ 2s’ 2p° End of Period 2 of the Periodic table. 
Na 1s’ 25s? 2p° 35° 


An alternative way of showing the electronic structure of an atom is to draw boxes for orbitals, and arrows for the 
electrons (Fig. 5.42). By convention, electron spins are represented by arrows pointing up (1) or down (L). The orbital 
diagram for electronic configuration is more beneficial as all the four quantum numbers are represented by it. 


1s 2s 2p 
Electronic structure of H atom 
: t 
in the ground state 
1s 2s 2p 
Electronic structure of He atom 7 
in the ground state = 
1s 2s 2p 
Electronic structure of Li atom Fs 
: Ap i 
in the ground state 
1s 2s 2p 
Electronic structure of Be atom ie 7 
in the ground state eas L~| 
1s 2s 2p 
Electronic structure of B atom n= x i 
in the ground state ey af 
1s 2s 2p 
Electronic structure of C atom Ps i rae 
in the ground state i us 
1s 2s 2p 
Electronic structure of N atom * x re as 
in the ground state = a 
1s 2s 2p 
Electronic structure of O atom roa In] faa ae a 
in the ground state af bi = 
1s 2s 2p 
Electronic structure of F atom rs ra Alla 
in the ground state 2 = baa 
1s 2s 2p 3s 3p 
Electronic structure of Ne atom ~ + NINTH | 
in the ground state us ~ =~ 
; 1s 2s 2p 3s 3p 
Electronic structure of Na atom 7 ra TUNIN t | 
in the ground state ks bi ales 


The process continues in a similar way 
Figure 5.42 Alternate representation for electronic structure of an atom. 
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After the 1s, 2s, 2p, 3s and 3p levels have been filled at argon, the next two electrons go into the 4s level. This gives 
the elements potassium and calcium. Once the 4s level is full the 3d level is the next lowest in energy, not the 3p 
level. Thus the 3d starts to fill at scandium. The elements from scandium to copper (Note: Cr and Cu have only one 
electron in the 4s orbital.) have two electrons in the 4s level and an incomplete 3d level, and all behave in a similar 
manner chemically. Such a series of atoms is known as a transition series. A second transition series starts after the 5s 
orbital has been filled, at strontium, because in the next element, yttrium, the 4d level begins to fill up. A third transi- 
tion series starts at lanthanum where the electrons start to fill the 5d level after the 6d level has been filled with two 
electrons. 

A further complication arises here because after lanthanum, which has one electron in the 5d level, the 4f level 
begins to fill, giving the elements from cerium to lutetium with from one to 14f electrons. These are sometimes called 
the inner transition elements, but are usually known as the lanthanoids or rare earth metals. 

When we consider the chemical reactions of atoms, our attention is usually focused on the distribution of elec- 
trons in the outer shell or the valence shell of the atom (the occupied shell with the largest value of n). This is because 
the valence electrons (those in the outer shell) are the ones that are exposed to other atoms when the atoms react. 
The inner electrons of an atom, called the core electrons, are buried deep within the atom and normally do not play a 
role when chemical bonds are formed. 

Because we are interested primarily in the electrons of the outer shell, we often write electron configurations in 
an abbreviated or shorthand form. To write the shorthand configuration for an element we indicate what the core is by 
placing in brackets the symbol of the noble gas whose electron configuration is the same as the core configuration. This 
is followed by the configuration of the outer electrons for the particular element. Thus, for sodium and magnesium 
we write 


Na: 1s? 2s” 2p° 3s! Mg: 1s° 2s° 2p° 3s° 
Na: [Ne] 3s' Mg: [Ne] 357 


Even with the transition elements, we need only concern ourselves with the outermost shell and the d subshell just 
below. For example, for iron with the configuration 


Fe: 1s” 2s” 2p° 3s° 3p® 3d° 4s” 
The abbreviated configuration is written as 


Fe: [Ar] 3d° 45° 


Solved Example | 5-57 | 


Which of the following orbital diagrams is excluded by Solution 
the Aufbau principle? Which by the Pauli exclusion prin- 
ciple? Which by Hund’s rule? Which is correct? Explain 
how a principle or rule is violated in the others. 


(a) This is excluded by Hund’s rule since electrons are 
not shown in separate orbitals of the same subshell 
with parallel spins. 


(a) S - 7 ? (b) This is correct. 
(c) This is excluded by the Aufbau principle because the 
(b) |i7 TL TUT TT 2s subshell fills before the 2p. 
(c) [U7 t 1414 (d) This is excluded by the Pauli exclusion principle since 
the two electrons in the 2s orbital cannot have the 
(d) \JT i ree same spin. 


Solved Example 5-58 | 


Give the sequence in which the energy levels in an atom and from this decide to which group in the periodic table 
are filled with electrons. Write the electronic configura- each element belongs. 
tions for the elements of atomic number 6, 11, 17 and 25, 
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Solution Atomic number 11: 15° 2s’ 2p°3s' Group number = 1 
The sequence is 1s 2s 2p 3s 3p 4s 3d 4p Ss 4d 5p 6s 4f 5d ~~ Atomic number 17: 1s” 2s 2p°3s*3p> Group number = 17 


6p 7s5f6d 7p... Atomic number 25: 1s* 28° 2p° 3s” Group number = 5 
Atomic number 6: 1s°2s° 2p Group number = 3p° 3d? 4s 


4+10=14 


Explanation for Exceptions in Electronic Configuration in Cu and Cr 


The rules that we have learnt for predicting electron configurations work most of the time, but not always. However, 
determined electronic configuration of atoms reveals that there are quite a few exceptions to the rules. For example, 
two important exceptions are for chromium and copper. Following the rules, we would expect the configurations 
to be 


Cr: [Ar] 3d* 4s" Cu: [Ar] 3d? 4s° 
However, the actual electron configurations, determined experimentally, are 
Cr: [Ar] 3d° 4s' Cu: [Ar] 3d"? 4s" 


For chromium, an electron is “borrowed” from the 4s subshell to give a 3d subshell that is exactly half-filled. For 
copper the 4s electron is borrowed to give a completely filled 3d subshell. A similar thing happens with silver and gold, 
which have filled 4d and 5d subshells, respectively. 


Ag: [Kr] 4d'° 5s' Au: [Xe] 4f* 5d" 6s' 


Apparently, half-filled and completely filled subshells (particularly the latter) have some special stability that 
makes such borrowing energetically favorable. Similar irregularities occur among the lanthanoid and the actinoid 
elements. 

The stability of half-filled and completely filled subshells can be attributed to the following two reasons: 


= 


. The half-filled and completely filled shells have symmetrical distribution of electrons, and therefore, are more 

stable as symmetry is associated with greater stability. 

2. When two or more electrons are present in degenerate orbitals of a subshell with the same spin, they tend to 
exchange their positions. The energy released during this exchange is known as exchange energy. Electronic con- 
figurations with half-filled shells permit maximum number of exchanges between electrons of same spin, and thus 
maximum exchange energy is released which contributes to the stability of the state. 

3. In case of Cu, the exchange energy is the same in both the cases. Thus, the stability achieved due to fully-filled and 

half-filled symmetrical distribution is the main criterion for the exceptional configuration of Cu. 


Solved Example 5-59 | 


In each of the following pairs of salts, which one is more 3d° configuration is more stable, therefore, ferric salts 
stable? are more stable than ferrous salts. 
(a) Ferrous and ferric salts (b) Cuprous and cupric salts: In cuprous salts, the con- 


figuration of Cu’ = 1s° 2s° 2p° 3s* 3p°3d'°. In cupric 
salts, the configuration of Cu* = 1s 2s° 2p°3s* 3p° 
3d’. Although Cu* has completely filled d orbital, 
Solution yet cuprous salts are less stable. This is because 
the nuclear charge is not sufficient enough to hold 
18 electrons of Cu” ion present in the outermost 


(b) Cuprous and cupric salts. 


(a) Ferrous and ferric salts: In ferrous salts Fe*, the con- 
figuration is 1s* 2s* 2p° 3s* 3p° 3d°. In ferric salts Fe*, 
the configuration is 1s* 2s” 2p° 3s°3p° 3d’. As half-filled shell. 
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Solved Example | 5-60 


Mo atom in its ground state has a 4d° 5s' configuration exchange energy. The half-filled and fully-filled electronic 


and Ag atom 4d" 5s' configuration. Explain why. configurations have symmetrical distribution of electrons 
and this symmetry leads to stability. Moreover, in such con- 
Solution figurations electrons can exchange their positions among 


themselves to maximum extent. This exchange leads to sta- 


he See Se ot na ae cay ee noe bilization which is expressed in terms of exchange energy. 


figurations can be explained in terms of symmetry and 


5.19 | MAGNETIC PROPERTIES 


The spin magnetic moment is expressed as 
M, = [4m,(m, + 1) 
Substituting m, = (1/2) n, we get the pin only formula as 
H, = n(n+ 2) 


where vis the number of unpaired electrons and the magnetic moment is expressed in Bohr Magneton. The magnetic 
moment (1) can be measured from spin-only formula, which assumes that the magnetic moment arises entirely from 
the unpaired electron spin. This formula works reasonably well when there is not a significant contribution from the 
angular orbital moment along with the spin motion. If the species has unpaired electrons, it is paramagnetic and if all 
the electrons are paired, it is said to diamagnetic. 


Relation of Colour with Paramagnetic and Diamagnetic Species 


Usually, the paramagnetic species have unpaired electrons which can make transitions and at times these transitions 
fall into the visible spectra. Thus paramagnetic species usually have colour but it is not true always. 
Similarly, diamagnetic species are usually colourless, but this is also not true always. 


Solved Example 5-61 | 


Which of the following ions has the highest magnetic (a) Theconfiguration of Fe” is3d°) TL | T | T | T) T 
moment: (a) Fe’, (b) Mn”, (c) Cr**, (d) V™. TIT It It It 


Solution Therefore, n = 4 and magnetic moment is 
M=J4(44+2) =4.89 BM 

The magnetic moment, “= ./n(n+2) where n = number ( ) 
of unpaired electrons. 


Solved Example | 5-62 | 


In which of the following options do both constituents of Solution 


the pair have the same magnetic moment? . ; : 
P 8 (c) The electronic configuration of Mn* is d° 


(a) Zn** and Cu* (b) Co” and Ni* Tit It LL |. therefore, n =3 
4+ 2+ 2+ + ey . 
ep Mame Ce iy Me anes The electronic configuration of Co” is d’ 
NInt |t T I Therefore, n = 3. 


Hence, magnetic moment is same for both, and is 
M=J3(3+2) = 3.872 BM 
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SOLVED OBJECTIVE QUESTIONS FROM PREVIOUS YEAR PAPERS 


1. Which hydrogen-like species will have same radius as that 4. Match the entries in Column I with the correctly related 


of Bohr orbit of hydrogen atom? quantum number(s) in Column II. (IIT-JEE 2008) 
(A) n=2, Li* (B) n=2,Be* 
(C) n=2,He* (D) n=3,Li* Column | Column I! 
BIEFEE 204) (A) Orbital angular momentum (p) Principal 
Solution of the electron in a quantum 
hydrogen-like atomic orbital number 
(B) The radius of the hydrogen-like species is calculated (B) A hydrogen-like one- (q) Azimuthal 
and compared with that of hydrogen. : 
4 electron wave function quantum 
_ 0.529 n’ x obeying Pauli principle number 
" Z (C) Shape, size and orientation (r) Magnetic 
0.529 x 17 P of hydrogen like atomic quantum 
n(H) = = 0.529 A orbitals number 
a. 0.529 x 2? ‘ (D) Probability density of (s) Electron spin 
r,(Be**) = 4 = 0.529 A electron at the nucleus in quantum 
hydrogen-like atom number 


. The number of radial nodes in 3p and 4s orbitals, respec- 


tively, are Solution 
(A) 1,3 (B) 3,1 de -B “iG -D 
(C) 2.2 (D) 2.1 > (q); B  (s); C > (p,q, r); D > (p,q, r) 
(IIT-JEE 2005) Azimuthal quantum number determines the orbital angu- 
lar momentum of electron. It also determines the number 
Solution determines the shape of the orbital 


(A) The number of radial nodes = n — / — 1. Now, for 3p, 
n=3,1=1. Substituting, we get 


n—-l-1=3-1-1=1 
For 4s, = 4,/=0. Substituting, we get 
n—-1-1=4-0-1=3 


. According to Bohr’s theory, E,, = total energy; K,, = kinetic 


Pauli’s exclusion principle states that an orbital can contain 
maximum of two electrons. 

Principal quantum number determines the size of the 
orbital. 

Magnetic quantum number determines the orientation of 
the orbital. 

Three of the quantum number (principal, azimuthal, 
magnetic) together represents the probability density of 
electron. 


energy; V,, = potential energy; R, = radius of nth orbit. . x 
Match the following (IIT-JEE 2006 Main) 5. Assuming that Hund’s rule is violated, the bond order and 
magnetic nature of the diatomic molecule B, is 
Galina Paluenll (A) 1 and diamagnetic (B) 0 and diamagnetic 
(C) 1 and paramagnetic (D) 0 and paramagnetic 
(A) V,/K,=? (p) 0 (IIT-JEE 2010) 
(B) {f radius of nth orbit « E, where x =? (q) -1 
(C) Angular momentum in lowest orbital (r) —2 soksion 
1 (A) B,(10) = 01s? o *1s* 02s" 6 *2s° 42 px’. The bond 
(D) —=«<Z’,y=? (s) 1 order is (6 — 4)/2 = 1 and the nature is diamagnetic as 
r 


there are no unpaired electron. 


Solution 6. Read the paragraph, and answer the questions that follow: 
The hydrogen-like species Li is in a spherically symmetric 
A> (1);B > (q);C > (p);D > (s) state S, with one radial node. Upon absorbing light, the ion 


Potential energy = —Ze’/r and kinetic energy = Ze’/2r. 
Dividing the two, we get V,/K, =—2. 

Total energy =—Ze’/2r or r, < E" 

Angular momentum = nh/2z. For n = 0, angular momen- 
tum is zero. 

From the expression r, = a,n’/Z, therefore, r,, < Z! 


6a. 


undergoes transition to a state S,. The state S, has radial 
node and its energy is equal to the ground state energy of 
the hydrogen atom. 


The state S, is 
(A) Is 
(C) 2p 


(IIT-JEE 2010) 
(B) 2s 
(D) 3s 
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Solution 


(B) For S, (spherically symmetrical), node = 1,orn-1=1 
>n=2 
For S,, radial node = 1, so 


2 


E, =-13.6x ae = E,, in ground state = -13.6 
n 


S, 
9 
or E=-136x—> >n=3 
pe 


So, the state in S, is 2s and S, is 3p 
6b. Energy of the S, in units of the hydrogen atom ground state 


energy is 
(A) 0.75 (B) 150 
(C) 2.25 (D) 4.50 
Solution 


(C) The relations between energy in S, state and that of 
ground state of hydrogen atom is 


E, — -13.6x9 
Ex 4x(-13.6) 


= 2.25 


6c. The orbital angular momentum quantum number of the 


state S, is 
(A) 0 (B) 1 
(C) 2 (D) 3 
Solution 


(B) Azimuthal quantum number for S,= 1 


7. The maximum number of electrons that can have prin- 
cipal quantum number, 1 = 3, a spin quantum number, 
m, =—(1/2) is (IIT-JEE 2011) 


Solution 


(9) For n = 3, the total number of orbitals = n° = 9. This 
means 18 electrons can be accommodated in 9 orbit- 
als in which 9 will have spin clockwise (m, = +1/2) and 
9 will have anticlockwise (m, = —1/2). 


8. The kinetic energy of an electron in the second Bohr orbit 
of a hydrogen atom is (a, is the Bohr radius). 


We he? 
A) ——; B) —.—_~} 
( W ae ®) 162°ma;, 
320°may 647° ma; 
(IIT-JEE 2012) 
Solution 


(C) According to Bohr’s postulate, the angular momen- 
tum of an electron is quantized, that is, 


om 
(7 


Telegram @unacademyplusdiscounts 


Solved Objective Questions from Previous Year Papers 


nh 
2amr 


i 
mvr=—_- DSV= 


Now, substituting the above expression in the kinetic 
energy expression (1/2) mv’, we get 


KE.= Jn dal (1) 


2amr 


where r is the radius of Bohr’s orbit, that is, r= a, x W/Z. 
For the second Bohr’s orbit of a hydrogen atom, substi- 
tuting Z = 1 and n = 2, we get r = 4a, where a, is a con- 
stant. Now, substituting this value of r in Eq. (1), we get 


2 2 
K.E.=—xm . ail 7 |= E : 
2 4n°m -16a, ) 322°may 


9. Assuming that Hund’s rule is violated, the bond order and 
magnetic nature of the diatomic molecule B, is 
(A) 1 and diamagnetic. (B) 0 and diamagnetic. 
(C) 1 and paramagnetic. (D) 0 and paramagnetic. 
(IIT-JEE 2010) 


Solution 
(A) The configuration of B, is 


B, (10) = 01s? o *1s* 028° o *28* 2px? 


Therefore, bond order is = ara =1. 


So, the nature is diamagnetic as there are no unpaired 
electrons. 


10. The work function (W,) of some metals is listed below. 
The number of metals which will show photoelectric effect 
when light of 300 nm wavelength falls on the metal is 

(IIT-JEE 2011) 


Metal Li Na K Mg Cu Ag Fe Pt W 
W (eV) 24 2.3 2.2 3.7 48 43 47 63 4.75 


Solution 


(4) Given that wavelength is 2 = 300 nm = 300 x 10° 
m=3 x10" m. Therefore, energy is 


he _ 6.6x10™ x3x 10° 


E=h= 
A 3x107 
- 6.6 x 10°” 
= 6.6 x10 Saye 


For a metal to show photoelectric effect, its work func- 
tion has to be less than or equal to 4.1 eV. So, the num- 
ber of metals having work function less than 4.1 eV 
are Li, Na, K and Mg. 


11. The atomic masses of He and Ne are 4 and 20 amu, respec- 
tively. The value of the de Broglie wavelength of He gas at 
—73°C is M times that of the de Broglie wavelength of Ne 
at 727°C. M is (JEE Advanced 2013) 
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12. 


13. 


14. 


15. 


Solution 
h 
5) We know that 2 =—_——., 
(5) pa 


where E (kinetic energy) T. 


Therefore, 


ae ee [oxi a 
Ae, Bd tig eTe, 4x 200 

In an atom, the total number of electrons having quan- 

tum numbers n = 4, |m]| = 1 and m, = -1/2 is : 

(JEE Advanced 2014) 


Mye The 


Solution 


(6) Asn=4,so/=0,1,2,3 which implies the orbitals are 
4s, 4p, 4d and 4f. 
Now, |m| = 1 implies m,= +1 and —-1. Therefore, / can be 
3,2, 1, as for /=0,m,=0.T 
For /=1,m,=~-1,0,+1 
For / = 2, m, = —2, -1, 0, +1, +2 
For / = 3, m, = -3, -2, -1, 0, +1, +2, +3 
Therefore, there are six possible orbitals with |m|=1. 
Also, given that m, = —1/2 so six electrons are possible 
with m, = -1/2. 
Not considering the electronic spin, the degeneracy of 
the second excited state (n = 3) of H atom is 9, while 
the degeneracy of the second excited state of His 
(JEE Advanced 2015) 


Solution 


(3) H atom is a single electron system whereas H is a 
multi-electron system. Orbitals 2s, 2p differ in energy 
in multi-electron system; 2s < 2p. 

In the first excited state, electron moves from 1s to 2s. 
In the second excited state, electron moves from 1s to 2p. 
So, the degeneracy of second excited state 2p = 3. 


In Bohr series of lines hydrogen spectrum, the third line 
from the red end corresponds to which one of the following 
inter-orbit jumps of the electron for Bohr orbits in an atom 


of hydrogen? 

(A) 332 (B) 532 

(C) 471 (D) 235  (ATEEE 2003) 
Solution 


(B) Line from the red end belongs to Balmer series for 
which n, =2 andn, =3,4,5 for first second and third line. 


The de Broglie wavelength of a tennis ball of mass 60 g 
moving with a velocity of 10 m s"‘ is approximately 
[Planck’s constant = 6.63 x 10" J s] 


(A) 10° m (B) 10°! m 
(C) 10m (D) 10% m (AIEEE 2003) 
Solution 
(A) According to de Broglie relationship, 
34 
jf eee 


mv 60x10 x10 


16. 


17. 


18. 


19. 


20. 
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The orbital angular momentum for an electron revolving in 
an orbit is given by /(/+ 1) x (h/2p). This momentum for an 
s electron will be given by 


(A) +1/2(h22) (B) 0 
(C) (hn) (D) 2(h/27) 

(AIEEE 2003) 
Solution 


(B) This is because for s orbital, / = 0. 


Which of the following sets of quantum numbers is correct 
for an electron in 4f orbital? 

(A) n=4,1=3,m=+4,s=+(1/2) 

(B) n=3,1=2,m=-2,s=+(1/2) 

(C) n=4,1/=3,m=+1,s=+(1/2) 


(D) n=4,1=4,m=-4,s =-(1/2) (AIEEE 2004) 
Solution 
(C) Whenn =4,/=3,m=41,s=+(1/2) asl=n-1,m=-l 


to and s =+1/2 or -1/2. 
Consider the ground state of Cr atom (Z = 24). The number 
of electrons with the azimuthal quantum numbers /= 1 and 
2 are, respectively, 


(A) 12 and 4 (B) 16and5 
(C) 16 and 4 (D) 12 and 5 

(AIEEE 2004) 
Solution 


(D) 12 and 5. The configuration of Cr is 1s° 2s” 2p° 3s* 3p° 
4s' 3d° 
For /=1,p =6+6=12 and for/=2,d=5S. 

The wavelength of the radiation emitted, when in hydrogen 


atom electron falls from infinity to stationary state 1, would 
be (Rydberg constant = 1.097 x 10’ m 


(A) 91 nm (B) 9.110% nm 
(C) 406 nm (D) 192nm (AIEEE 2004) 
Solution 


(A) Using the formula, 


1 1 1 
re 
A nm ny 
Substituting n, = infinity (given) and n, = 1, we get 


; = 1.09710" x[1] 


or A= =. =91nm 
1.097 x 10 
In a multi-electron atom, which of the following orbit- 


als described by the three quantum number will have 

the same energy in the absence of magnetic and electric 

fields? (AIEEE 2005) 
(1) n=1,1=0,m=0 (I) n=2,/=0,m=0 

(IW) n=2,/=1,m=1 (IV) n=3,1/=2,m=0 


(V) n=3,1=2,m=0 
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21. 


22. 


23. 


24. 


(A) Tand II 
(C) I and Iv 


(B) IWand III 
(D) IV and V 


Solution 


(D) This is because the energy levels follow n + / rule and 
the values are same for IV and V, that is, 3 + 2 = 5 for 
both the levels. 


According to Bohr’s theory, the angular momentum of an 
electron in Sth orbit is 


(A) 25h/n (B) 1.0h/n 
(C) 10h/x (D) mvr=nh 

(AIEEE 2006) 
Solution 


(D) According to Bohr’s postulate of quantization of 
angular momentum, the angular momentum of an 
electron should be an integral multiple of h/2z, that is, 


nh 
mvr =— 
20 
Since n = 5, we get 
5h _ 2.5h 
mvr = — = —— 
2n=« 


Uncertainty in the position of an electron (mass = 9.1 x 
10° kg) moving with a velocity 300 ms", accurate upto 
0.001%, will be (where h = 6.63 x 10 J s) 
(A) 19.2x 102m (B) 5.76 x10? m 
(C) 1.92 x 102m (D) 3.84x 102 m 

(AIEEE 2006) 


Solution 


(C) According to Heisenberg uncertainty principle, 


h 
4zmAv 
Also, Av = 0.001% of 300. Substituting, we get 


h 
Ax:-Ap2— or Ap=mAv or Ax2= 
4x 


6.63 x 10™ 


Ax = = 0.01933 m 


0.001 
100 


4x3.14x9.1x10™ x 300 x 


or Ax = 1.93 x 10° m. 


Which of the following sets of quantum numbers repre- 
sents the highest energy of an atom? 
(A) n=3,1=0,m =0,s=+41/2 
(B) n=3,l=1,m=1,s=41/2 
(C) n=3,1=2,m=1,s=41/2 
(D) n=4,1=0,m =0,s=+41/2 


(AIEEE 2007) 


Solution 


(C) According to (n + /) rule, more is the value of (n + /) 
more is the energy. Hence, when n = 3 and /=2, then 
(n+l) =(34+2)=5. 


Which one of the following constitutes a group of the 
isoelectronic species? 


25. 


26. 


27. 
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(A) Cy, 07, CO, NO 
(C) CN, N,, OF Cy. 


(B) NOt, C3, CN’,N, 
(D) N,, 03, NO*,CO 


(AIEEE 2008) 


Solution 


(B) The number of electrons in each species is 


NO’ =7+8-1=14,C} =6+6+2=14 
CN” =6+74+1=14,N, =7x2=14 


Calculate the wavelength (in nanometers) associated 
with a proton moving at 1.0 x 10° ms” (mass of proton = 
1.67 x 10°” kg and h=6.63 x 10" J's). 


(A) 0.032 nm (B) 0.40 nm 
(C) 2.5 nm (D)14.0nm (AIEEE 2009) 
Solution 
(B) Using de Broglie relationship 
34 
_Ah 6.63 x 10 GAG 


mv 1.67107" x 10° 


The ionization enthalpy of hydrogen atom is 1.312 x 
10° J mol. The energy required to excite the electron in the 
atom from n=1 ton=2 is 
(A) 8.51 x 10° J mol! 
(C) 756 x 10° J mol" 


(B) 6.56 x 10° J mol! 
(D) 9.84 x 10° J mol! 
(AIEEE 2008) 


Solution 


(D) The energy for stationary states n = 1 and n = 2 are, 


respectively, 
6 6 
Be 1.312 4 10 and £, =- Iolo 
(ly (2) 
Therefore, 
6 6 
AE=E,-E, = SPs 10 ( es 10 


= 9.84x10° Jmol! 


In an atom, an electron is moving with a speed of 600 ms 
with an accuracy of 0.005%. Certainty with which the posi- 
tion of the electron can be located is (h = 6.6 x 10“ kg m’s", 
mass of electron m, = 9.1 x 10~ kg) 
(A) 1.52 x 107m (B) 5.10x 10° m 
(C) 1.92 x 10° m (D) 3.84 x 107° m 

(AIEEE 2009) 


Solution 
(C) Using Heisenberg’s uncertainty principle, 
Ax -mAv = aS 
4x 


h 


or = 
A4amaAv 
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Given that Av = 0.005% of 600 ms“, so 


Av = 600 x = =0.03 ms? 
100 


Hence, 


6.6 x 104 


= =1.92x107° m 
4x3.14x 91x10 x 0.03 


28. The energy required to break one mole of Cl-Cl bonds 
in Cl, is 242 kJ mol™. The longest wavelength of light 
capable of breaking CI-Cl bonds is (c = 3 x 10° m s™ and 
N, = 6.02 x 10° mol’) 


(A) 494 nm (B) 594 nm 
(C) 640 nm (D) 700nm (AIEEE 2010) 
Solution 


(A) Energy required to break Cl, molecule 
_ (242 x 10°) j 


Na 
From E=hv = E=he 
we have 
7 = 5162610 x 3x 105 __ 242 10° 


E ~ 6,022 x 107 
= 4947 A = 494.7 nm 


29. Ionization enthalpy of He is 19.6 x 10° J atom. The 
enthalpy of the first transition state (n = 1) of Li* is 

(A) 8.82 x 1077 J atom (B) 4.4110 J atom" 

(C) -4.41x10"Jatom' (D) -2.2x10°J atom" 


(AIEEE 2010) 
Solution 
(A) The expression for ionization enthalpy is 


art. 4 P 
Ee = 13.6Z,,,. E = “| = 13.6Z,,.. 
» -19 = 
=19.6x10" (Z,,,. =2) 
(as ionization enthalpy of He is 19.6 x 10°'* J atom’) 


So, 13.6x Z}.. =19.6x10 J atom™: (1) 


2 1 1 
(2). =r E 7 + 


Multiplying and dividing by ae we get 


=-13.6 Z7. i -19.6x 10" x2 [From Eq. (1)] 


=-4.41x107 J atom” 


30. 


31. 


32. 


33. 
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A gas absorbs a photon of 355 nm and emits at two 
wavelengths. If one of the emissions is at 680 nm, the other 
is at 


(A) 325 nm (B) 743 nm 
(C) 518 nm (D) 1035nm (AIEEE 2011) 
Solution 


(B) From the relation 
1 1 1 1 1 1 


= +— > =——+ 
Aavsorbed A, A, 350 680 A, 


Solving, we get A,= 743 nm. 


The electrons identified by quantum numbers n and I: 
(I) n=4,/=1 (ID) n=4,/=0 
(I) n=3,/=2 (IV) n=3,l=1 


can be placed in order of increasing energy as: 

(A) GID < (IV) < dD <() (B) (IV) < (dD < (HD < (1) 

(C) (GD <(IV)<()<(dH) (D) (1) < (ID < (ID < (IV) 
(AIEEE 2012) 


Solution 


(B) Using n + / rule, that is, lower the n + / value, lower 
will be its energy. In case n + / value is the same, 
then the one having lower n value will be lower in 
energy. 
(I) n=4,J=1,n+1=44+1=5 
(UD n=4,/=0,n+l=4+0=4 
(iW) n=3,/=2;n+1=3+2=5 (here the n value is lower). 
(IV) n=3,l=1;n+1=3+1=4 (here the n value is lower, so 
it is lower in energy). Thus, the order is IV < II <I <I. 


The correct set of four quantum numbers for the valence 
electrons of rubidium atom (Z = 37) is 
(A) S002 (B) 5,1,0,4+2 
2 2 
(ChS,1.4,42 (D) 5,0,1,+4 
? ? J 2 ? é | ? 2 
(JEE Main 2014) 


Solution 


(A) For Rb (Z = 37), the electronic configuration is 1s* 2s” 
2p° 38° 3p° 3d"° 4s° 4p® 5s 
As the last electron enters 5s orbital, n =5,/=0 and 
m, = 0, and since only one electron is present in the 
s-orbital, m, = +1/2. 


Which of the following is the energy of a possible 
excited state of hydrogen? 
(A) -6.8 eV (B) -3.4 eV 
(C) +6.8 eV (D) +13.6 eV 
(JEE Main 2015) 

Solution 

FA 
(B) Energy of hydrogen atom E, =—13.6 x —~ eV 

n 


where Z = 1 and n = 2. Substituting, we get 


E=-13.6 x 7 3.4 eV 
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Review Questions 


REVIEW QUESTIONS 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


. Give the numbers of neutrons, protons, and electrons in 


the atoms of each of the following isotopes. (a) radium-226, 
(b) *°°Pb, (c) carbon-14, (d) *Na. 


. Which property of light waves is a measure of the bright- 


ness of the light? Which specifies the color of the light? 
Which is related to the energy of the light? 


. Explain in detail the findings of Thomson’s model of the 


atom. What were the shortcomings? 


. According to Rutherford’s model of the atom, where is 


the positive charge concentrated? What does it predict 
about the relative size of the nucleus and the radius of the 
atom? What is the nucleus composed of according to his 
model? 


. Where in an atom is nearly all of its mass concentrated? 


Explain your answer in terms of the particles that contrib- 
ute to this mass. 


. Arrange the following regions of the electromagnetic spec- 


trum in order of increasing wavelength (i.e., shortest wave- 
length — longest wavelength): microwaves, TV, X-rays, 
ultraviolet, visible, infrared, gamma rays. 


. What are the names used to refer to the theories that apply 


the matter—wave concept to electrons in atoms? 


. What is an atomic spectrum? How does it differ from a 


continuous spectrum? What fundamental fact is implied by 
the existence of atomic spectra? 


. Inthe spectrum of sodium, there is a line with a wavelength 


of 589 nm. (a) What color is this line? (b) What is its fre- 
quency? (c) What is the energy of each of its photons? 


Consider the symbol ; X, where X stands for the chemical 
symbol for an element. What information is given in loca- 
tions a and b? 


What, if anything, is wrong with the following electron con- 
figurations for atoms in their ground states: (a) 1s2s'2p’; 
(b) [Kr] 3d’4s"; (c) 18°2s’2p*; (d) [Xe] 4f“5a%6s'2 


Calculate the percentage of higher isotope of neon which 
has atomic mass 20.2 and the isotopes have the mass num- 
bers 20 and 22. 


When a copper atom loses an electron to become a Cu* 
ion, what are the possible quantum numbers of the elec- 
tron that was lost? 


The first shell may contain up to 2 electrons, the second 
shell up to 8, the third shell up to 18, and the fourth shell 
up to 32. Explain this arrangement in terms of quantum 
numbers. 


What were the characteristics observed in the modified cath- 
ode ray experiment that led to the discovery of protons? 


How does the behavior of very small particles differ from 
that of the larger, more massive objects that we meet in 


17. 


18. 


19. 
20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29, 


30. 


31. 


32. 


everyday life? Why don’t we notice this same behavior for 
the larger, more massive objects? 


(a) Name the first five series of lines that occur in the 
atomic spectrum of hydrogen and indicate the region in 
the electromagnetic spectrum where these series occur. 
(c) Give a general equation for the wave number applica- 
ble to all the series. 


Give the notation for subshells denoted by the following 
quantum numbers: (a) 1 = 6,/= 2; (b) n=4,/=3; (ce) n=4, 
1=2;(d)n=5,1/=4. 


How does the size of a given type of orbital vary with n? 


On the basis of Heisenberg’s principle, show why an elec- 
tron cannot exist in the nucleus? 


If a transition from an upper level to n = 1 in hydrogen 
spectrum results in light of wavelength 9.50 x 10° m in 
being emitted, what is the principal quantum number of 
the higher level? 


Calculate the maximum number of electrons in the n = 1, 
n=2,n=3 andn=4 shells. 


State Heisenberg’s uncertainty principle. What is the 
uncertainty in the position of a particle, if the uncertainty 
in the momentum is 10'' kg ms". 


What is photoelectric effect? Calculate the frequency and 
energy of a photon of light with wavelength 520 nm. 


The minimum energy required to eject an electron from a 
metal is 4.34 x 10°” J. What is the minimum frequency of 
light required for photoelectric effect in the metal? 


Give the names and symbols of the four quantum num- 
bers required to define the energy of electrons in atoms. 
What do these quantum numbers relate to, and what 
numerical values are possible for each? Show how the 
shape of the periodic table is related to these quantum 
numbers. 


Give the values of the four quantum numbers for each elec- 
tron in the ground state for (a) the oxygen atom, and (b) the 
scandium atom. (Use positive values for m, and m, first.) 


Which of the following species does the Bohr theory apply 
to? (a) H, (b) H’, (c) He, (d) He’, (e) Li, (f) Li’, (g) Li”, 
(h) Be, (g) Be*, (h) Be”, (i) Be* 

How does the Bohr theory of the hydrogen atom differ 
from that of Schrédinger? 

What is the order of uncertainty in momentum if the uncer- 
tainty in position of a particle is 10? 


Explain why the effect of Heisenberg uncertainty principle 
is only significant in case of microscopic particles and not 
in macroscopic objects. 


Explain why three quantum numbers are required to 
describe an orbital. What feature of the three-dimensional 
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33. 


structure of an orbital is specified by each of these quan- 
tum numbers? 


Give two reasons why electrons tend to avoid each other. 


34. 
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Describe the relationship between the atomic number, 
mass number, number of protons, number of neutrons and 
number of electrons in a calcium atom, “°Ca. 


NUMERICAL PROBLEMS 


1. 


2. 


13. 


14. 


Identify the element that has atoms with mass numbers of 
20 that contain 11 neutrons. 

The number of electrons, protons and neutrons in a species 
is equal to 10, 13 and 14, respectively. Assign the proper 
symbol to the species. 


. What is the range of frequencies of the waves used in a 


microwave oven? 


. Orchestras tune their instruments to the note “A”? which 


has a frequency of 440 cycles s', or 440 Hz. If the speed of 
sound is 340 ms“, what is the wavelength of this note? 


. The human ear is capable of hearing sound waves with fre- 


quencies between 20 and 20,000 Hz. If the speed of sound 
is 340.3 ms” at sea level, what is the wavelength in meters 
of the longest wave the human ear can hear? 


. The green line of barium atom emission has a wavelength 


of 554 nm. Calculate the frequency of this light and the 
energy of photon of this light. 


. The photoelectric work function for magnesium is 5.90 x 


10°” J. Calculate the minimum frequency of light required 
to eject electrons from the surface of magnesium. What is 
kinetic energy of the ejected electron when a light of wave- 
length 285 nm strikes the surface? 


- Calculate the frequency and the wavelength of the light 


emitted when the electron in hydrogen atom undergoes a 
transition from an orbit with n =5 ton=3. 


. An electron in the lithium atom is in the third energy level. 


Is the atom in the ground state or excited state? Can the 
atom emit light? If so, how? 


. The radius of an orbit is given by r,= 0.0529 n’ (nm). 


Calculate the radius of the third orbit. 


. What is the distance of separation between second and 


third orbits of hydrogen atoms? 


. The ultraviolet emission line of magnesium is observed at 


285 nm. What is the energy difference between the two lev- 

els responsible for this emission? 

Calculate the wavelength (in nm) of an electron travelling 

with a speed of 2.79 x 10° ms”. (Mass of an electron is 

9.11 x 10! kg.) 

(a) The energy associated with the first orbit in the hydro- 
gen atom is —2.18 x 10° J atom™. What is the energy 
associated with the fifth orbit? 


15. 


16. 


17. 


18. 
19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


(b) Calculate the radius of Bohr’s fifth orbit for hydrogen 
atom. 


The electron energy in hydrogen atom is given by E = 
(-21.7 x 10°)/n? ergs. Calculate the energy required to 
remove an electron completely from the n = 2 orbit. What 
is the longest wavelength (in cm) of light that can be used 
to cause this transition? 


Calculate the number of electrons in a charged particle 
having a static electric charge of 725 x 10°C. 


In the visible spectrum, the wavelength of violet light is 450 
nm and that of red light is 750 nm. Calculate the frequency 
and wavenumber of these radiations. 


How many times heavier is a “Li atom than a 'H atom? 


Iodine molecule dissociates into after absorbing light of 
4500 A. If one quantum of radiation is absorbed by each 
molecule, calculate the kinetic energy of iodine atoms. 
(Bond energy of I, = 240 kJ mol’). 


What is energy of a photon of light whose (a) wavelength is 
400 nm and (b) frequency is 1300 kHz. 


Calculate the frequency and the wavelength of the light 
emitted when the electron in a hydrogen atom undergoes a 
transition from an orbit with 1 = 4 to an orbit with n = 2. 


If electromagnetic radiation with energy of 1166 kJ mol” 
was absorbed by a mole of hydrogen atoms in their low- 
est energy state, what would be the resulting energy of the 
hydrogen atoms? What would be the resulting energy level 
(i.e., what would be the value of 1)? 


Calculate the frequency and the wavelength of the light 
emitted when the electron in hydrogen atom undergoes a 
transition from an orbit with n =5 ton=3. 


The n = 8 and n = 9 energy levels are very close in energy. 
Using the Bohr model, describe how the wavelengths of 
light compare as an electron falls from these two energy 
levels to the n = 1 energy level. 


A microscope using suitable photons is employed to 
located an electron in an atom within a distance of 0.1 A. 
What is the uncertainty involved in the measurement of its 
velocity? 

Calculate the effective nuclear charge in 3p electron in 
silicon. 


ADDITIONAL OBJECTIVE QUESTIONS 


Single Correct Choice Type 


1. 


During the emission spectrum, the first line of Lyman series 
of hydrogen atom occurs as A = x A. The wave length of the 
first line of Lyman series of He* ion will occur at 

(A) 4/x (B) x/4 

(C) 3/x (D) 


2. 
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The quantum numbers of +1/2 and —1/2 for the electron 
spin represent 


(A) rotation of the electron in clockwise and anticlockwise 
direction, respectively. 


(B) rotation of the electron in anticlockwise and clockwise 


irection, respectively. 
discounts - 


(C) magnetic moment of the electron pointing up and 
down, respectively. 

(D) two quantum mechanical spin states which have no 
classical analog. 


. Which of the following describes an orbital 


(B) yw’ 
(D) None of these 


(A) y 
(C) [w’ly 


. The wave function (y) of 2s is given by: 


1/2 
uf 1 r 
= 2 e 7/24 
a tele) | I 


At r = 1%, radial node is formed. Thus for 2s, r, in terms 
of ap is: 

(A) r= 4 
(C) ry =a,/2 


(B) 1% = 2a, 
(D) m= 4a, 


. Of the following transition in hydrogen atom, the one 


which gives an absorption line of maximum wavelength is 
(A) n=1ton=2 (B) n=3ton=8 
(C) n=2ton=1 (D) n=8ton=3 


. The probabilities of finding an electron residing in a p, 


orbital is zero in the 
(A) yz plane 
(C) xz plane 


(B) xy plane 
(D) y and z directions 


. Maximum number of electrons in a subshell of an atom is 


determined by the following: 
(A) 2n? 
(C) 2/41 


(B) 41+2 
(D) 41-2 


. The wave function for 1s orbital of hydrogen atom is 


given by: 
a et % 


Mis = Ty 


where a, = radius of first Bohr orbit, r = distance from the 
nucleus (probability of finding the electron varies with 
respect to it). What will be the ratio of probabilities of find- 
ing the electrons at nucleus of first Bohr’s orbit a,? 


(A) e (B) & 
(C) Ie? (D) zero 
9. For which of the species, Bohr’s theory is not applicable? 

(A) Be* (B) Li* 
(C) He* (D) H 

10. The number of nodal planes in d,, orbital is 
(A) 0 (B) 1 
(C) 2 (D) 3 

11. The radial wave equation for hydrogen atom is: 


1 1 3/2 , 
art [(x -1)(x? -8x+12)Je” 


Ay 


where x = 2r/ay; a)= radius of first Bohr orbit. The minimum 
and maximum position of radial nodes from nucleus are: 


a 

(A) a, 3a (B) 57 3a 
a a 

(C) a (D) 2a, 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 
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Additional Objective Questions 


For an electron, the product v x n (velocity x principal 
quantum number) will be independent of the 

(A) principal quantum number. 

(B) velocity of the electron. 

(C) energy of the electron. 

(D) frequency of its revolution. 

When the electron of a hydrogen atom jumps from the 


n = 4 to the n = 1 state, the number of spectral lines 
emitted is 


(A) 15 (B) 6 
(C) 3 (D) 4 
Assume that the potential energy of a hydrogen atom in 


its ground state is zero. Then its energy in the first excited 
state will be 


(A) 13.6 eV (B) 272 eV 
(C) 23.8 eV (D) 10.2 eV 
In an atom two electrons move around the nucleus in cir- 


cular orbits of radii r and 4r. The ratio of the time taken by 
them to complete one revolution is: 


(A) 1:4 (B) 4:1 
(C) 1:8 (D) 8:7 
Which of the following postulates does not belong to 


Bohr’s model of the atom? 

(A) Angular momentum is an in the orbit is a multiple of 
h/2n. 

(B) The electron stationed in the orbit is stable. 

(C) The path of an electron is circular. 

(D) The change in the energy levels of electron is 
continuous. 


When the frequency of light incident on a metallic plate is 
doubled, the K-E. of the emitted photoelectron will be 
(A) doubled. 

(B) halved. 

(C) increased but more than doubled of the previous K.E. 
(D) remains unchanged. 


The orbital angular momentum of an electron in 2s 
orbital is 
(A) h/4n 
(C) hi2x 


(B) zero 

(D) V2h/2a 

The triad of nuclei that is isotonic is 

(A) 6C, 7N, oF (B) ¢C,7N, oF 

(C) 6C, 7'N, oF (D) 6 C, 7'N, oF 

The increasing order (lowest first) for the values of e/m 


(charge/mass) for electron (e), proton (p), neutron (”) and 
alpha particle (@) is 


(A) e,p,n, a (B) n,p,e, a 
(C) n,p, ae (D) n, a, p,e 
The maximum number of electrons that maybe present in 


all atomic orbitals with principle quantum number 3 and 
azimuthal quantum number 2 is 


(A) 10 (B) 8 
(C) 12 (D) 4 
Rutherford’s experiment on scattering of a particles showed 


for the first time that the atom has 
(A) electrons. (B) protons. 
(C) nucleus. (D) neutrons. 
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23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


The radius of which of the following orbit is same as that of 
the first Bohr’s orbit of hydrogen atom 

(A) He* (n =2) (B) Li* (n=2) 

(C) Li* (n=3) (D) Be* (n=2) 


The radial distribution curve of the d orbital with double 

dumbbell shape in the fourth principle shell consists of 
nodes. 

(A) 2 (B) 0 

(C) 1 (D) 3 


The wavelength associated with a golf ball weighing 200 g 
and moving at a speed of 5 m/h is of the order 

(A) 10°°m (B) 10°°m 

(C) 10°°m (D) 10“°m. 

Magnetic moments of V (Z = 23), Cr (Z = 24), Mn (Z =25) 
are x, y, z. Hence, 
(A) x=y=z 

(C) x<z<y 


(B) x<y<z 
(D) z<y<x 


The outermost electronic configuration of the most 
electronegative element is 
(A) ns’np* 


(C) ns°*np® 


If n = 6, the correct sequence of filling of electrons will be 
(A) ns > np > (n-1)d > (n-2)f 

(B) ns > n(n -2)f > (n-1)d > np 

(C) ns > n(n-1)d > (n-2)f > np 

(D) ns > (n-2)f > np > (n-1)d 


(B) ns°*np* 
(D) ns’np° 


The first emission line in the atomic spectrum of hydrogen 
in the Balmer Series appears at 


(A) Ra act (B) OS oa 
400 144 
3R 5R 
C H -1 D H -1 
(C) r cm it Ts cm 


The ratio of energy of the electron in ground state of 
hydrogen to the electron in first excited state of Be™ is 
(A) 4:1 (B) 1:4 

(C) 1:8 (D) 8:1 


Correct set of four quantum numbers for the valence 
(outermost) electron of rubidium (Z = 37) is: 
(A) 5, 0,0, +1/2 (B) 5,1,0,+1/2 
(C) 5,1, 1,412 (D) 6,0, 0, +1/2 


The second line of Lyman series of H coincides with the sixth 
fine of Paschen series of an ionic species X. Find X assuming 
Rydberg constant R to be the same for both H and X? 

(A) He* (B) Li* 

(C) Li® (D) H 


The work function for a metal is 4 eV. To emit a photo- 
electron of zero velocity from the surface of the metal, the 
wavelength of incident light should be 

(A) 2700 A (B) 1700A 

(C) 5900 A (D) 3100A 

An electron in a hydrogen-like atom is in an excited state. 
It has a total energy of —3.4 eV, calculate the de Broglie’s 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 
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The ionization energy of a hydrogen atom in terms of 
Rydberg constant (R,,) is given by the expression. 

(A) Ryle (B) Ryc 

(C) 2R,he (D) RyhcN 

The fourth line of the Balmer series corresponds to elec- 
tron transition between energy levels 

(A) 6 and 2 (B) 5 and 2 

(C) 4and1 (D) 5and1 

If A, and A, denote the de Broglie wavelengths of two par- 


ticles with same masses, but charges in the ratio of 1:2 after 
they are accelerated from rest through the same potential 
difference, then 


(A) A=, (B) 4, <A, 
(C) A,>A, (D) None of these 
A 1 KW radio transmitter operates at a frequency of 


880 Hz. How many photons per second does it emit? 
(A) 1.71 x 107 (B) 1.71 x10” 
(C) 6.02 x 10” (D) 2.85 x 10° 


Which of the following electronic configurations have zero 
spin multiplicity? 


(A) [t[t |? (B) [tT] TV] 
(©) | tlL]e (D) [Li i[d 
When the value of the azimuthal quantum number is 3, the 


maximum and the minimum values of the spin multiplici- 
ties are 


(A) 4,3 (B) 8,1 

(C) 1,3 (D) 8,2 

The ratio of the radii of the first three Bohr orbits is 

(A) 1:0.5:0.33 (B) 1:2:3 

(C) 1:4:9 (D) 1:8:27 

An electron has wavelength 1 A. The potential by which 
the electron is accelerated will be 

(A) 0.0926 V (B) 0.0502 V 

(C) 150.7 V (D) 51.2 V 

If 10” J of light energy is needed by the interior of 


human eye to see an object. The photons of green light 
(A = 550 nm) needed to see the object are 


(A) 27 (B) 28 

(C) 29 (D) 30 

Which of the following arrangement of two electrons in 
two degenerated orbitals is not possible at all? 

(A) [T]L (B) [tf 

(Cy TL (D) All of these 

The number of unpaired electrons in Mn* (Z = 25) is 

(A) 4 (B) 2 

(C). 5 (D) 3 

Atomic number of chromium is 24, then Cr* will be 


(A) diamagnetic 
(C) ferromagnetic 


(B) paramagnetic 
(D) none of these 


The energy for an electron is an orbit of hydrogen atom is 
given by E, = -(13.6/n*)Z’ eV. Calculate the energy of the 


wavelength? orbit having a radius 97, where r, is the radius of first orbit? 
(A) 66.5A (B) 6.66A (A) -1.51 eV (B) 10.2 eV 

60.6 A D) 6.06A 3.6 eV D) 136eV 
«C) (D) £98.2\//telegram.me/unacadelfiy pisdigcounts ©) ° 


48. 


49. 


50. 


51. 


52. 


53. 


54. 


The total energy of the electron in the hydrogen atom in 
the ground state is -13.6 eV. The K.E. of this electron is 
(A) 13.6eV (B) Zero 

(C) -13.6 eV (D) 6.8 eV 


A compound of vanadium possesses a magnetic moment of 
1.73 BM. The oxidation state of vanadium in this compound is 


(A) 1 (B) 2 

(C) 4 (D) cannot be predicted. 
The number of spherical nodes in 3p orbital is 

(A) 1 (B) 3 

(C) 2 (D) 0 


In a sample of hydrogen atoms, electrons make transitions 
from n = 5 to n = 1. If all the spectral lines are observed, 
then the line having the third highest energy will corre- 


spond to 
(A). 53 (B) 431 
(C) 31 (D) 534 


An energy of 24.6 eV is required to remove one of the elec- 
trons from helium atom. The energy required to remove 
both the electrons from helium atom is 

(A) 38.2 eV (B) 49.2 eV 

(C) 51.8 eV (D) 79.0 eV 


In y,,, the sum of angular momentum, spherical nodes and 
angular node is 


Joh +42 Joh 


(A) —— (B) =—+3 
2a 2a 

(C) ws (D) Joh +8x 
1 20 


The kinetic energy, F, of an electron is related to the kelvin 
. 3 
temperature through the equation, E= Pad where 


k = 1.38 x 10 J particle’ K”. You are given an electron 
with a de Broglie wavelength of A = 76.3 nm. What is the 
kelvin temperature of electron? 

(A) 0.50 (B) 100 

(C) 1.50 (D) 2.00 


Multiple Correct Choice Type 


1. 


Which of the following statements is correct about angular 

nodes? 

(A) These nodes are directional in nature. 

(B) These nodes are dependent on angle @ and ¢. 

(C) These nodes are independent from the radial wave 
function (R). 

(D) These nodes are dependent on the radial wave function. 


. Five valence electrons of ;°P are labeled as 


3s 3p 
Pq xX] V4] SZ 
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Additional Objective Questions 


If the spin quantum number of q and z is +(1/2), then the 
group of electrons with three of the quantum number 


same are 
(B) (xyz), (pq) 


(A) pq 
(C) (pq), (xyz), (pz) (D) (pq), (xyz), (ay) 


. Which of the following orbitals are associated with the 


angular nodes? 
(A) s orbitals 
(C) d orbitals 


(B) p orbitals 
(D) f orbitals 


. Let A, be the area electrons by the nth orbit in a hydrogen 


atom. The graph of In (A,/A,) against In (7) 

(A) will pass through origin. 

(B) willbe straight line with slope = 4. 

(C) willbe a monotonically increasing non linear curve 
(D) willbe acircle. 


. Choose the correct statements among the following: 


(A) A node is a point in space where the wave function yw 
has zero amplitude. 

(B) The number of maximas (peaks) in radial distribution 
isn—1. 

(C) Radial probability density is 4zr’R},,,. 

(D) \v?| represents probability of finding electron. 


. The quantum numbers which are derived from the solution 


of Schrodinger’s wave equation are 
(A) principal quantum number. 
(B) azimuthal quantum number. 
(C) magnetic quantum number. 
(D) spin quantum number. 


- Which of the following is the nodal plane of d,, orbital? 


(B) yz 
(D) All of these. 


(A) xy 
(C) zx 


. Many elements have non-integral atomic masses because 


(A) they have isotopes. 

(B) their isotopes have non-integral masses. 

(C) their isotopes have different masses. 

(D) the constituents, neutrons, protons and electrons com- 
bine to give fractional masses. 


Assertion-Reasoning Type 


Choose the correct option from the following: 


(A) Statement 1 is True, Statement 2 is True; Statement 2 is 
a correct explanation for Statement 1. 

(B) Statement 1 is True, Statement 2 is True; Statement 2 is 
not a correct explanation of Statement 1. 

(C) Statement 1 is True; Statement 2 is False. 

(D) Statement 1 is False, Statement 2 is True. 


. Statement 1: Hydrogen has one electron in its orbit but it 


produces several spectral lines. 


Statement 2: There are many excited energy levels available. 
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2. Statement 1: Maximum possible number of electrons in 
any energy level is fixed. 


Statement 2: Total number of electrons in a shell =2 (2/+1). 
3. Statement 1: The number of radial nodes for 3p orbital is 1. 
Statement 2: Number of radial nodes = /. 


4. Statement 1: Photoelectric effect is easily pronounced by 
caesium metal. 


Statement 2: Photoelectric effect is easily pronounced by 
the metals having high ionization enthalpy. 


5. Statement 1: Electronic energy for hydrogen atom of differ- 
ent orbitals follow the following sequence: 1s <2s=2p <3s= 
3p =3d. 


Statement 2: Electronic energy for hydrogen atom depends 
only on v and is independent of / and m, values. 


Comprehension Type 
Read the paragraphs and answer the questions that follow. 


Paragraph I 

The wave functions for any one-electron system, such as hydro- 
gen atom, can be expressed as yw = k’ e” where k and k’ are 
constants. For hydrogen atom, we have 


Zr 
% 


1 
Ws = 3 e 


3 
7, 


1/2 Ze 
YW; -(2) (2-2 Jes 
2a) Ay 


The number of angular nodes is given by the value of angular 
quantum number and angular node is directional in nature. The 
total number of nodes is nothing but the sum of radial nodes 
(n — 1-1) and angular nodes (J). 
1. If the nodes at infinity are not neglected, then what is the 
total number of radial and angular nodes of 3p, orbitals? 
(A) 4 (B) 3 
(C) 5 (D) infinity 
2. Which of the following is the correct representation of plot 


radial function (r, f ) in y-axis vs. distance from the nucleus 
in x-axis for 1-electron of 3p atomic orbital? 


y| 

(A) | 
r—> x 

y| 

(B) | 
.—> x 


om 
fe 
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3. The distance from the nucleus of the radial node of 2s elec- 
tron of Li* ion (a, = Bohr’s radius) is equal to 


(A) 0.67a, (B) 2a, 
(C) a (D) 0.5a, 
Paragraph IT 


Heisenberg gave the principle that there is uncertainty in simul- 
taneous measurement of position and momentum of small par- 
ticles. If any one of these two quantities is measured with higher 
accuracy, the measurement of the other becomes less accurate. 
The product of the uncertainty in position (Ax) and uncertainty 
in momentum (Ap) is always constant and is equal to or greater 
than h/47, where h is Planck’s constant. 


4. The uncertainty in position of an electron (m= 9.1 x 10° g) 
moving with a velocity 3 x 10‘ cm s™ accurate upto 0.001% 
will be 
(A) 3.84 cm (B) 1.92 cm 
(C) 768 cm (D) 5.76 cm 


5. Uncertainty in position is twice the uncertainty in momen- 
tum, uncertainty velocity is 


One @y 1.4 
a 2mV\ a 

1 1 fh 
Ch py 
Ya ) raee 


6. If uncertainty in the position of an electron is zero, the 
uncertainty in its momentum would be 


(A) zero (B) <h/4an 
(C) >h/4a (D) infinite 
Paragraph Il 


For one-electron species, the wave number of radiation emitted 
during the transition of electron from a higher energy state (7,) 
to a lower energy state (n,) is given by: 


onl i+ 
Po—R, Z| =- = 1 
oR (- | (1) 


22m,k*e* 


where R,, = 5 is Rydberg constant for hydrogen atom. 


Now, considering nuclear motion, the most accurate measure- 
ment would be obtained by replacing mass of electron (m,) by 
the reduced mass (1) in the above expression, defined as 
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m,+m, 


where m, = mass of nucleus. For Lyman series, n, = 1 (fixed 
for all the lines) while n, = 2, 3, 4.... For Balmer series: 
n, = 2 (fixed for all the lines) while n, =3,4,5..... 


. If proton in hydrogen nucleus is replaced by a positron 


having the same mass as that of proton but same charge 
as that of proton, then considering the nuclear motion, the 
wavenumber of the lowest energy transition of He* ion in 
Lyman series will be equal to 

(A) 2Ry (B) 3Ry 

(C) 4R, (D) Ry 


. The ratio of the wave numbers for the highest energy tran- 


sition of electron in Lyman and Balmer series of hydrogen 
atom is 

(A) 4:1 (B) 6:1 

(C) 9:1 (D) 3:1 


Integer Answer Type 


The answer is a non-negative integer. 


1. 


10. 


The wave function of an orbital is represented as W,.,. The 
azimuthal quantum number of the orbital is 


. The number of spectral lines produced when an electron 


jumps from Sth orbit to 2nd orbit in the hydrogen atom is 


. The Schrédinger wave equation for hydrogen atom is 


-1/ 


3 Jag 
—_ 1 (1V(o 7 ‘ 
* AJ2n\ a, ay 


where a, is Bohr’s radius. If the radial node in 2s be at 
r= 4a, then x would be equal to 


. The angular momentum of an electron is h/z. The Bohr’s 


orbit in which the electron is revolving is 


. Magnetic moment of a is J24 BM. The number of 


unpaired electrons in M* 


. The number of nodes in the radial distribution curve of 2s 


orbital is 


. The number of electrons with / = 2 in the ground state of 


chromium atom is 


. The circumference of the second orbit of electron in 


hydrogen atom is 400 nm, the de Broglie wavelength of 
electron corresponding to the circumference of same orbit 
is 200 nm. The number of waves made by an electron is 


. The value of n of the highest excited state that an electron of 


hydrogen atom in the ground state can reach when 12.09 eV 
energy is given to the hydrogen atom is , 

The number of d electrons in Cu* (atomic number = 29) 
that can have the spin quantum (—1/2) is 
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Additional Objective Questions 


11. The number of elements that have the last electron with 
quantum numbers of n = 4 and /= 1 is 


Matrix—Match Type 


1. Match the atoms/ions with the characteristics of the elec- 


tron they contain. 


Column-| Column-ll 


(A) H (p) Radius of 4th orbital = 0.53 x4A 
(B) He* (q) Energy of 2nd orbit = -13.6 eV 
(C) Be* — (r) Radius of 2nd orbit = 0.53 x 4A 


(DD). Li** (s) Velocity of electron in the 3rd orbit = 
2.18 x 10° A 


(t) Energy of 4th orbit =-13.6 eV 


2. Match the angle between the axes of the orbitals with their 


value. 


Column | 


Column Il 


(A) The angle between the 
z-component of orbital 
angular momentum of 


(p) 135° 


electron of p, atomic orbital 
and z- axis (assume m =+ 1) 


(B) The angle between the 
z-component of orbital 
angular momentum of 
electron of p, of atomic 
orbital and z-axis. 


(C) The angle between the 
z-component of orbital 
angular momentum of 


(q) 45° 


(t) Less than 45° 
or more than 
135° 


electron of p, atomic orbit and 


Z-axis is 


(D) The angle between the 
z-component of orbital 
angular momentum of 


(s) 90° 


electron of 3q oe orbital 


and z-axis. 


3. Match the series of hydrogen spectrum with their 


characteristics. 


Column | 


Column Il 


(A) Lyman series 

(B) Balmer series 
(C) Paschen series 
(D) Bracket series 


(p) Visible region 

(q) Infrared region 
(r) Ultraviolet region 
(s) n,=4ton,=3 

(t) n,=Ston,=1 
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4. Match the orbitals with the number of nodes/quantum 5. Match the name of the equation with its expression. 
numbers present in them. 
Column | Column II 

Column | Column II h 

(A) 2p orbital (p) Number of spherical on eee egos erie) on 
nodes = 0 a, 

(B) 3d orbital (q) Number of nodal (B) Potential energy of (q) 2 vin,(m, + 1) 
plane = 0 electron qONe 

(C) 2s orbital (r) Orbital angular (C) Orbital angular (r) Zke’ 
momentum number = 0 momentum th 

(D) 4forbital (s) cl ac (D) Spin magnetic moment (s) Wv= a(Z —b) 


Review Questions 


1. (a) Radium-226: neutrons = 138; protons = 88; electrons = 88 
(b) *°Pb: neutrons = 124; protons = 82; electrons = 82 
(c) Carbon-14: neutrons = 8; protons = 6; electrons = 6 
(d) *Na: neutrons = 12; protons = 11; electrons = 11 
. Amplitude; wavelength; frequency or wavelength 
Nucleus 
Gamma rays < X rays < ultraviolet < visible < infrared < microwaves < TV waves 
. Wave mechanics and quantum mechanics 
. (a) Yellow; (a) 5.09 x 10" ss (ec) 3.37 x 10°? J 


10. Symbol a corresponds to the mass number while symbol b corresponds to the atomic number. 


eo NAOUMD 


11. Part (c) is correct. 

12. "Ne = 10% 

13. n=4,1=3,2,1,0;m,=-3 to +3 and m, =+41/2. 

17. (a) Lyman — Ultraviolet; Balmer — Visible; Paschen, Brackett, Pfund — Infrared; (b) v= R (= - =| 
18. (a) 6d, (b) 4f, (c) 4d and (d) 5g om 
19. The size of orbital increases with increase of the principal quantum number n. 

21. n,=5 

23. Ax=5.27x10™m 

24. Frequency = 0.0058 x 10” s"'; Energy = 0.038 x 10°” J 

25. 0.65 x10" s' 


26. Principal quantum number (n = 1, 2,3, 4); azimuthal quantum number (/=0 to n — 1); magnetic quantum number (m, = 2/ + 1); 
spin quantum number (m, = +1/2 or -1/2) 


28. H, He’, Li**, Be™. 
30. Ap > 0.527 


Numerical Problems 


41.78 
2. 7 AL* 
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Answers 
3. 3x10" to3 x10” Hz 
4. 0.773 m 
5. 17015 cm 
6. 3.58x 10" J 
7. 107 S107 I 
8. Wavelength = 1.28 x 10° cm; frequency = 2.34 x 10'* Hz 
9. Excited state; Yes 
10. 0.4761 nm 
11. 0.2645 nm 
12. 6.97x 10° J 
13. 2.607 10°'°m 
14. (a) -8.72 x 10°” J; (b) 1.3225 nm 
15. 367 nm 
16. 4525.6 
17. Violet light: frequency = 6.6 x 10" Hz, wave number = 2.2 x 10” m’‘; red light: frequency = 4 x 10" Hz, wave number = 
1.33 x10? m7. 
18. 5.9842 times 
19. 2.165 x10” J atom" 
20. (a) 4.97 x 10°" J; (b) 8.58 x 10° J 
21. Frequency = 6.17 x 10” Hz; wavelength = 486 nm 
22. -145.7 kJ mol';n =3 
23. Frequency = 2.34 x 10'* Hz s; wavelength = 1.286 x 10°m 
24. The wavelengths of light from the two transitions are very close together. 
25. 5.76x10°ms" 
26. 4.15 
Additional Objective Questions 
Single Correct Choice Type 
1. (B) 2. (D) 3. (B) 4. (B) 5. (B) 
6. (A) 7. (A) 8. (D) 9. (C) 10. (C) 
11. (B) 12. (A) 13. (B) 14. (C) 15. (C) 
16. (D) 17. (C) 18. (B) 19. (A) 20. (D) 
21. (A) 22. (C) 23. (D) 24. (C) 25. (C) 
26. (C) 27. (C) 28. (B) 29. (D) 30. (B) 
31. (A) 32. (B) 33. (D) 34. (B) 35. (A) 
36. (A) 37. (C) 38. (B) 39. (C) 40. (D) 
41. (C) 42. (C) 43. (B) 44. (B) 45. (D) 
46. (B) 47. (A) 48. (A) 49. (C) 50. (A) 
51. (C) 52. (D) 53. (A) 54. (D) 
Multiple Correct Choice Type 
1. (A,B,C) 2. (A,B) 3. (B,C,D) 4. (A,B,C) 5. (A,B,C,D) 


6. (A,B,C) 7. (B,C) 8. (A,C) 


Assertion—Reasoning Type 
1. (A) 2. (C) x (O) 4. (C) 5. (A) 
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Comprehension Type 

1. (B) 2. (D) 
6. (D) 7. (B) 
Integer Answer Type 

ae) 2. (6) 
6. (1) 7. (5) 
11. (6) 


Matrix—Match Type 
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3. (A) 4. (B) 5. (D) 
8. (A) 

3. (2) 4. (2) 5. (4) 
8. (2) 9. (3) 10. (5) 


1. A> (r);B > (q),C > (p,t), D> (s) 2. A>(q);B>(s),C>(p),D > (1) 3. A> (r,t); B > (p), C> (q,s), D > (q) 
4. A (p);B > (p),C>(q1,8),D>(p) 5. A>(s);B>(t),C> (p),D > (q) 
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Chemical Bonding 


Exceptions having no 


A bond is a force existing between atoms in a molecule that holds 
the atoms together. It is the same kind of electrostatic attraction 
that binds the electrons of an atom to its positively charged nucleus. 


dipole moment 


Contents 


6.1 


6.2 


Chemical Bond 
Formation — Késsel — 
Lewis Approach 
Lewis Structures of 
Simple Molecules 
Formal Charge 
Covalent Bonding 
Coordinate or Dative 


The existence of a stable polyatomic species, whether element or Bonding 

compound, implies that atoms can act upon each other to form 6.6 Valence Bond Theory 
aggregates having lower energy than separated fragments. When 6.7 Hybridization 

this energy lowering exceeds approximately 10 kcal mol" of atoms, 6.8 The Valence Shell 


then a chemical bond is said to be formed. 

There is no single satisfactory theory which would explain the 
concept of bonding in all types of compounds and also predict their 
structures, energies and properties. Initially, the concept of a chemi- 
cal bond was explained by a few classical models which assume 
that electrons and ions behave as point charges that attract and 
repel according to the laws of classical mechanics and electrostat- 
ics. However, these models apply only to certain classes of com- 
pounds and explain only a restricted range of phenomena. Since 
the development of quantum theory in 1920s, the chemical bond 
has been explained by quantum mechanical models. We shall look 
into the different models proposed and different kinds of bonds in 
this chapter. 


6.1 | CHEMICAL BOND FORMATION - 
KOSSEL-LEWIS APPROACH 


In 1916, Késsel and Lewis made the first breakthrough explaining 
the formation of chemical bond by proposing a theory known as 
the electronic theory of valency. The theory was based on the fol- 
lowing observations: 


6.16 


6.17 


6.18 


6.19 


Electron Pair 
Repulsion (VSEPR) 
Theory and Shapes of 
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Back Bonding 

lonic Bonding 

Dipole Moment 
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Hydrogen Bonding 
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Concept of Bond 
Order, Bond Length 
and Bond Energy 
Bonding in Some 
Homonuclear Diatomic 
Molecules 
Heteronuclear 
Diatomic Molecules 
Elementary Idea of 
Metallic Bonding 
Weak Forces 


: : 6.20 Interactions Between 
1. The electrons in the outermost shell/orbit of an atom are called lane and Gavalent 
valence shell electrons. These are responsible for most of the Moalacuioe 


properties of the elements. 
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2. Elements which have two or eight electrons in the outermost shell, that is, have their octet complete are stable and 
do not combine chemically either with each other or other elements. 


According to the theory, the formation of a chemical bond between two or more atoms can be explained as tendency 
of elements to attain stable configuration of electrons in the outermost shell (Table 6.1). The combination of atoms led 
to rearrangement of their electrons either by complete transfer of electrons from one atom to another or by sharing 
of electrons. 


Table 6.1 Electronic structures 


Element Symbol Electronic structure 
Helium He 15° 

Neon Ne [He] 2s* 2p° 

Argon Ar [Ne] 3s° 3p° 

Krypton Kr [Ar] 3d'° 48° 4p° 
Xenon Xe = [Kr] 4d'"°5s* 5p° 
Radon Rn [Xe] 4f* 5d"° 6s* 6p° 


Concept of Electrovalent Bond (or lonic Bond) 


An ionic bond is formed when an element having a high tendency to loose electrons (an electropositive element) com- 
bines with an element which has a high tendency to accept electrons (an electronegative element). For example, ionic 
compounds are formed when metals react with non-metals. NaCl is formed from its elements, with each sodium atom 
losing one electron to form a sodium ion, Na’, and each chlorine atom gains one electron to become a chloride ion, CI. 


Na > Nat +e 
Sodium atom Sodium ion 


te > CH 
Chlorine atom Chlorine ion 
Once formed, these ions become tightly packed together because their opposite charges attract. This attraction 
between positive and negative ions in an ionic compound is what we call an ionic bond. In NaCl, electrostatic forces 
holding the ions in place in the solid constitute ionic bonds. 
Kossel postulated the important features of formation of this type of chemical bond which formed the basis for 
the modern concept of ionic bonding in crystalline solids. 


1. In the periodic table, the highly electronegative halogens and electropositive alkali metals are separated by noble 
gases. 


2. The formation of a positive ion from an atom is associated with loss of electrons and formation of a negative ion 
is associated with a gain of electrons. 


3. The driving force for the formation of positive and negative ions is to attain noble gas configuration, which is 
associated with extra stability. 


4. The bond formation between negative and positive ions is stabilized by electrostatic attraction. 


5. The bond that results from electrostatic attraction between the positive and negative ions was called electrova- 
lent bond. The term electrovalence was used to represent the number of units of charge involved in the bond 
formation or the charge on the participating ions. For example, in sodium chloride, sodium is assigned electro- 
valence one. 


Lewis Representation 


We have seen that in formation of a chemical bond, only the valence electrons take part, whereas the inner shell elec- 
trons are protected and do not participate in bond formation. A simple notation to represent the atom with its valence 
electrons using dots was introduced by American chemist G.N. Lewis and this notation is known as Lewis symbol. 
It is a symbol in which the electrons in the valence shell of an atom or an ion are represented by dots place around the 
symbol of the atom. For example, the Lewis symbols for elements of first, second and third period are shown in Fig. 6.1. 
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First period 


Second period 


Third period 


Figure 6.1 Lewis symbols for elements of first, second and third periods. 


The structure of a molecule using the Lewis symbols is known as Lewis structure. The formation of sodium chloride 
can be expressed in terms of Lewis structure/diagram as 


Na+ + -Cl: — [Na]* +[:Ch] 


Sodium Chlorine Sodium Chloride 
atom atom ion ion 


The formation of calcium chloride CaCl, may be considered in a similar way. Ca atoms have two electrons in their 
outer shell, so each Ca atom loses two electrons to two Cl atoms, forming a calcium ion Ca” and two chloride ions Cl. 
Showing the outer electrons only, this may be represented as follows: 


“Cl: [Cl ]; 
Case. => [Caf*+ 
“Cl: [ECl:] 
Calcium Chlorine Calcium Chloride 
atom atoms ion ions 


Consider what happens to the electrons when lithium metal comes into contact with the oxygen in the air. An oxygen 
atom needs two electrons to achieve an octet and form an anion with a —2 charge. This way, oxygen attains the noble 
gas configuration of neon. 


2e-+ 10. —— fOr 


Oxide ion 
[He]2s*2p* [He]2s*2p° = [Ne] 


Since a lithium atom can lose only one electron, two lithium atoms are needed to supply the two electrons. Recall that 
the two +1 ions balance the charge of the one —2 ion [i.e.,2(+1) — 2 =0]. The chemical formula of the compound lithium 
oxide is therefore Li,O. 


Li 
+ Of —> 2" Log" 
Li- Lithium oxide 


Formula = Li,O 


Note: The number of valence electrons helps in calculating the group valence of the elements, which is generally 
equal to number of dots around the symbol or 8 minus the number of dots. 


Octet Rule 


All the noble gases except for helium have filled outer s and p subshells (e.g., ns” np®). Since this is a total of eight 
electrons, it is referred to as an octet of electrons, which forms a particularly stable configuration. When the elements 
form ions, atoms of most of the representative elements tend to gain or lose electrons until they have obtained a con- 
figuration identical to that of the nearest noble gas. This rule has become known as the octet rule, which can be stated 
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as follows: Atoms tend to gain or lose electrons until they have achieved an outer shell that contains an octet of electrons 
(eight electrons). 


Concept of Covalent Bond 


A covalent bond is formed when there are two electronegative elements having a very small difference in electro- 
negativity, for example when non-metals combine with each other to form molecules, the lowering of energy happens 
due to electron sharing. Another theory, the Lewis-Langmuir theory is very successful in explaining the bonding 
between many compounds based on the concept of shared electron pair. According to this theory, when two atoms 
come together, the valence electrons of each of the atoms will be attracted and shared by the nuclei of both the atoms; 
as a result, a net strong bonding occurs between the two atoms and is called the covalent bond. 


Lewis Representation 


For Lewis dot structures for covalent bonds, the bonds are formed by electron sharing and the atoms forming the 
bonds share at least one electron each to the shared pair. The atoms forming covalent bonds attain the outer shell 
noble gas configurations as a result of electron sharing. 

The shared pair of electrons is shown between the atoms involved in covalent bonding, while the covalent bond is 
shown as a horizontal line between the atoms. Such a covalent bond is known as a single bond and represents a pair 
of electrons shared. 

For example, an isolated hydrogen atom possesses only one electron, but two hydrogen atoms can share their 
electrons so that the resulting covalent bond gives each atom an inert gas electron configuration; the formation of 
H, can be depicted as: 


H(g)+H(g) ~ H: H or H- H(g) 


Before joining, each of the separate hydrogen atoms has one electron in a 1s orbital. When these electrons are shared, 
the 1s orbital of each atom is, in a sense, filled. Because the electrons now share the same space, they become paired. 
In general, the electrons involved almost always become paired when atoms form covalent bonds. In fact, a covalent 
bond is sometimes referred to as an electron pair bond. As a covalent bond does not (generally) lead to the formation 
of electrically charged atoms, it is also known as a homopolar bond. 

There are many non-metals that form more than one covalent bond. For example, the three most important ele- 
ments in biochemical systems are carbon, nitrogen and oxygen. 


The simplest hydrogen compounds of these elements are methane CH,, ammonia NH, and water H,O. Their Lewis 
structures are as follows: 


H:C:H H:N:H H:O: 
H 
or or or 
H H H 
| | | 
| 
H 
Methane Ammonia Water 


Octet Rule 


The octet rule can also be used to explain the number of covalent bonds an atom forms. This number normally equals 
the number of electrons the atom must acquire to have a total of eight (an octet) in its outer shell. For instance, the 


halogens all have seven valence electrons. The Lewis symbol for a typical member of this group, chlorine, is -Cl:. We 
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can see that only one electron is needed to complete its octet. Of course, chlorine can actually gain this electron and 
become a chloride ion (as in case of sodium chloride). But when chlorine combines with another non-metal, the 
complete transfer of an electron is not energetically favorable. Therefore, in forming compounds such as HCl or CL, 
chlorine gets the one electron it needs by forming a covalent bond. 
H- +-Cli: ——H:Cl: 
:C1-+-Ch: —— G:C: 


The HCl and Cl, molecules can also be represented using dashes for the bonds. 


H—Ci: and :Cl—Ci: 


Types of Covalent Bonds 


The bond produced by the sharing of one pair of electrons between two atoms is called a single bond. 
There are many molecules in which more than a single pair of electrons is shared between two atoms. For example, 
we can draw the formation of the bonds in CO, as follows. 


, ee oe 
09" Cre 2 ——> :0: :C: 10: 


The central carbon atom shares two of its electrons with each of the oxygen atoms, and each oxygen shares two 
electrons with carbon. The result is the formation of two double bonds. Notice that in the Lewis formula, both of the 
shared electron pairs are placed between the symbols for the two atoms joined by the double bond. Once again, if we 
circle the valence shell electrons that “belong” to each atom, we see that each has an octet. 


8 Electrons 


The Lewis structure for CO,, using dashes, is 
:O =—C=0: 


Note: The locations of the unshared pairs of electrons around the oxygen are unimportant. Two equally valid Lewis 
structures for CO, are 


:O C—O: and o=c=C6 


Sometimes, three pairs of electrons are shared between two atoms. The most abundant gas in the atmosphere, nitrogen, 
occurs in the form of diatomic molecules, N,. The Lewis symbol for nitrogen is 


N: 


and each nitrogen atom needs three electrons to complete its octet. When the N, molecule is formed, each of the nitro- 
gen atoms shares three electrons with the other. 


es 
7NusN: ——> ‘NEN: 
Say 


The result is called a triple bond. Again, notice that we place all three electron pairs of the bond between the two atoms. 
We count all of these electrons as though they belong to both of the atoms. Each nitrogen, therefore, has an octet. 


8 Electrons 8 Electrons 
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The triple bond is usually represented by three dashes, so the bonding in the N, molecule is normally shown as 


-N=N: 
Exceptions to the Octet Rule 
The octet rule which states that bonds are formed by atoms in order to achieve Octet rule works well 
the eight electrons configuration in the valence shell applies quite well to the for ions of these metals. 


elements of the second row of the periodic table. This is because, for the sec- 
ond period elements, the only available orbitals are s*p° which when filled 
comprises the octet. Beyond the second row, it is generally applicable only to 
the non-transition elements. It does not work so well for the transition metals 
and post-transition metals (the metals that follow a row of transition metals) 


| 
PEEEEEEEH 


(Fig. 6.2). 
The octet rule, as applied to ionic compounds, really works well only for 

the cations of the Group 1 and 2 metals and for the anions of the non-metals. It 

works well to explain the structure of most of the organic compounds. Octet rule does not work 
However, there are exceptions to the octet rule and these are discussed as well for ions of these metals. 


follows. 
Figure 6.2 Exceptions to octet rule. 


The Incomplete Octet of the Central Atom 


There are also some molecules (but not many) in which the central atom behaves as though it has less than an octet. 
The most common examples involve compounds of beryllium and boron. 


‘Be: + 2-Cl: —> :Cl —Be —Cl: 
Four electrons around Be 
:Cl: 
-B: + 3-Cl: —> :Cl — B—Ci: 
Six electrons around B 
Although Be and B sometimes have less than an octet, the elements in Period 2 never exceed an octet. The reason is 
because their valence shells, having n = 2, can hold a maximum of only 8 electrons. (This explains why the octet rule 
works so well for atoms of carbon, nitrogen and oxygen.) 


Odd-Electron Molecules 


Some molecules have an odd number of valence electrons, such as nitric oxide (NO — 11 valence electrons) and nitro- 
gen dioxide (NO, - 17 valence electrons). In both of these cases the nitrogen has access to fewer than 8 electrons. 


N=O, 


Note that it is a correct Lewis representation that does not follow octet rule. 


Note: When there are an odd number of electrons in a molecule it is known as a free radical. Due to the lack of the 
stability associated with a filled octet and paired electrons, free radicals are highly reactive species. 


The Expanded Octet 


Elements in rows below second row, such as phosphorus and sulphur, sometimes do exceed an octet, because their 
valence shells can hold more than 8 electrons. For example, the valence shell for elements in third row, for which n = 3, 
can hold a maximum of 18 electrons, and the valence shell for fourth row elements, which have s, p, d and f subshells, 
can hold as many as 32 electrons. 

For elements in the third period (Na through Cl) and beyond, the higher empty orbitals (3d), being closer in 
energy to 3p level, can be used to accommodate additional shared pairs beyond the octet. Hence, the elements such 
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as S, Cl, P and Si form compounds in which five or six electron pairs surround the central atom. These pairs may all 
be shared with other atoms, or some of them may remain as lone pairs. For example, PF, obeys the octet rule, but PF; 
does not. PF, has 10 outer electrons, and uses one 3s, three 3p and one 3d orbitals. 

Examples of molecules in which the central atom contains an expanded octet are phosphorus pentahalide and 
sulphur hexafluoride, whose Lewis structures are 


H © iF: 
Cad 2a ESA E 
a ee Se 
ola ols 


In these molecules, the formation of more than four bonds to the central atom requires that the central atom have a 
share of more than eight electrons. With the exception of second row elements like carbon and nitrogen, most non- 
metals can have more than an octet of electrons in the outer shell. 


Other Exceptions to the Octet Theory 


1. The octet rule does not work in molecules which have an odd number of electrons, such as NO and ClO,, nor does 
it explain why O, is paramagnetic and has two unpaired electrons. 


Note: The Lewis structure of oxygen can be represented as 

O30! 
The structure has only paired electrons and is expected to be diamagnetic (i.e., the compound is weakly 
repelled by a magnetic field). But molecular oxygen is known to be paramagnetic (i.e., molecular oxygen is 


weakly attracted by a magnetic field) and paramagnetic substances have at least one unpaired electron in their 
molecules. Therefore, the octet theory and writing Lewis structure fail in the case of molecular oxygen. 


2. The octet rule was postulated on the basis of inert behavior and lack of reactivity of noble gases. However, some 
compounds of noble gases, such as those of xenon and krypton with oxygen and fluorine (xenon with fluorine) are 
known. 


3. It does not account for the shapes of molecules and the relative stability of structures. 


Solved Example rai 


[:C = Ny 


; | Covalent bond 
Tonic bond 


What types of bonding is present in KCN? [K]” 


Solution 


The bonding between potassium ion and cyanide ion is 
ionic while that between carbon and nitrogen is covalent. 


Solved Example | 6-2 | 


Why doesn’t hydrogen obey the octet rule? How many octet rule. It does, however, readily satisfy its requirement 

covalent bonds does a hydrogen atom form? for a closed shell electron configuration through the for- 
mation of one covalent bond. 

Solution 


Since the outer shell (or valence shell) of hydrogen can 
hold only two electrons, hydrogen is not said to obey the 
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Solved Example | 6-3 | 


How many electrons are in the valence shells of (a) Bein Solution 


. : 9 
BEC Ley Bae BCL onde a EO (a) Four electrons or two bonding pairs; (b) six electrons, 


all in bonding pairs; (c) two electrons for each hydrogen. 


Solved Example | 6-4 | 


Nitrogen and arsenic are in the same group in the peri- Solution 
odic table. Arsenic forms both AsCl, and AsCl,, but 
with chlorine, nitrogen only forms NCl,. On the basis of 
the electronic structures of N and As, explain why this 
is So. 


N is in the second period, it can only have an octet of elec- 
trons, so it cannot form five bonds. Whereas, As is in the 
fourth row, so it can have an expanded octet and form five 
bonds; therefore, it can form AsCl, and AsCl.. 


6.2 | LEWIS STRUCTURES OF SIMPLE MOLECULES 


Lewis structures are very useful in chemistry because they give us a relatively simple way to describe the structures of 
molecules. Lewis structure can also be used to make reasonably accurate predictions about the shape of a molecule. 
They can be written by following a set of systematic steps that are also outlined as follows: 


1. Decide which atoms are bonded to each other: Many times, the formula suggests the way the atoms are arranged 
because the central atom, which is usually the least electronegative one, is usually written first. Examples are CO, 
and ClO;, which have the following skeletal structures (i.e., arrangements of atoms): 


OCO Od O 


Sometimes, obtaining the skeletal structure is not quite so simple, especially when more than two elements are 
present. However, some generalizations are possible. For example, the skeletal structure of nitric acid, HNO,, is 


O 
H O N° OCcorrect) 
rather than one of the following: 
O 
ON Oo H O O NO (incorrect) 


H 


This is because nitric acid is an oxoacid, and the hydrogen atoms that can be released from molecules of oxoacids 
are always bonded to oxygen atoms, which are in turn bonded to the third non-metal atom. Therefore, recognizing 
HNO, as the formula of an oxoacid allows us to predict that the three oxygen atoms are bonded to the nitrogen, 
and the hydrogen is bonded to one of the oxygens. 


Note: There are times when no reasonable basis can be found for choosing a particular skeletal structure. If 
you must make a guess, choose the most symmetrical arrangement of atoms, because it has the greatest chance 
of being correct. 
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2. Count all of the valence electrons: This is done to find out how many dots must appear in the final formula. 
Using the periodic table, locate the groups in which the elements in the formula occur to determine the num- 
ber of valence electrons contributed by each atom. If the structure you wish to draw is that of an ion, add one 
additional valence electron for each negative charge or remove a valence electron for each positive charge. Some 
examples are 


NH; Nitrogen (Group 15) contributes 5e™. 1x5=5e 
Each hydrogen (Group 1) contributesle. 4x1=4e 
Subtract le” for the 1+ charge. —le 

Total 82 


3. Distribute the total number of electrons as bonding 
shared pairs: This distribution is done between the atoms "=", 
of the molecules in proportion to the number of bonds *9'8*9: 
formed by them. (a) 


4. Place double and triple bonds where necessary: Once the . 7 
shared pairs of electrons have been used up to form sin- 
gle bonds, the remaining electron pairs can be used to :0: a | os ee 
form multiple bonds (double or triple) or they continue | i = : 
to remain as lone pairs on the atoms. The basic require-  ° a “F: 
ment to be met is that the octet of each atom is complete. - 
Lewis structure representations of some molecules are 
given in the Fig. 6.3. Figure 6.3 Lewis structure representations of 

molecules using (a) only Lewis dots; (b) Lewis dots 
and bonds. 


Solved Example | 6-5 | 


Why can H never serve as the central atom in a Lewis Therefore, hydrogen is capable of forming only one 
structure? bond and cannot serve as the central atom in a Lewis 
structure. 


oan [S— 
(b) 


Solution 


Hydrogen needs only two electrons in its outer shell 
in order to achieve the electron configuration of He. 


Solved Example | 6-6 | 


Draw the Lewis electron-dot diagrams for MgF,, CCl,, Cli 
OH and PCl.. Vat ain 
; ee eee 
Solution Be H| ce | 6 
‘Cit ve 
| Hydroxide Phosphorus 
-F—Mg—F: :Cl—C—Ch: anionOH” _shexachloride PCl, 
2Cl: 
Magnesium fluoride Carbon 
MgF, tetrachloride CCl, 
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Solved Example | 6-7 | 


How many valence electrons should appear in the Lewis Solution 


2- +9 
sieaStares OF Se cO yee NO SO,, SeO{ and NO’, respectively, contain 18 (6 + 2x6), 
32 (6+ 4x6 +2) and 10 (5 + 6-1) valence electrons. 


Solved Example | 6-8 | 


Use Lewis symbols to diagram the decomposition reactions (b) 


of (a) CaBr,, (b) AL,O,, and ( ) CO 1 re) 1 O —z O 
: 7 {6.08 Se Ab 8! 2Al 3[:03] 
Solution c) K S$ K —> 2K + S 
( ee a ee [ ‘: : 


(a) ‘Bre, sCa* * “Br: —> Ca**+2 [:Br:] 


6.3 | FORMAL CHARGE 


In case of polyatomic ions, the charge is represented as the net charge on the ion. However, it is possible to assign for- 
mal charge to each atom. Formal charge is the charge that each atom in a molecule would have if the electrons in the 
bonds were divided equally between the two atoms. It considers all bonds as if they were non-polar. In other words, it 
is the difference between the number of valence electrons of that atom in isolated state and the number of electrons 
assigned to it in the Lewis structure. 


Note: Formal charge is a method of electron book-keeping and does not imply that it is the actual charge on the 
atom in question. 


Calculating the Formal Charge on an Atom 


Step 1: Write down the number of valence electrons in an isolated atom of the element. 


Step 2: Using the Lewis structure, add up the valence electrons that “belong to” the atom in the molecule or ion, and 
then subtract this total from the value in Step 1. 


In performing the calculation in Step 2, electrons in bonds are divided equally between the two atoms, while unshared 
electrons are assigned exclusively to the atom on which they reside. Therefore, the calculation of formal charge is sum- 
marized by the following equation: 


Calculated number of electrons in the valence shell 
of the atom in the Lewis structure. 


Formal _ / Number of e” in valence Number of bonds Number of 
charge ~ \ shell of the isolated atom} \ to the atom * unshared e7 


The formal charge on an atom is also calculated by noting the number of valence electrons (V,) on a neutral atom of 
the element and then subtracting all of the non-bonding electrons on the atom (N,) and half of the bonding electrons 
on the atom (B_). The formal charge (FC,) on atom A is, therefore, given by the following equation: 


FC, =V,-N,-5! (6.1) 
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Let us consider the example of sulphuric acid. It can be represented by the following Lewis structures, Structure I satis- 
fies the octet rule while structure II violates it. 


O 0 
H—O ‘ O—H H—O : O—H 
; 
(Structure I) (Structure II) 
The formal charge on sulphur in Structure I can be calculated as: FC, =V,-N, oe 6-0 Pe +2 


Let us also calculate the formal charges on the hydrogen and oxygen atoms in Structure I. An isolated H atom 
has one electron. In Structure I, each H has one bond and no unshared electrons. Therefore, formal charge on 
H=1-0-(2/2)=0. 

In Structure I, we also see that there are two kinds of oxygen atoms to consider. An isolated oxygen atom has six 
electrons, so the formal charge of oxygen also bonded to hydrogen = 6 — 4 — (4/2) =0. For the oxygen atom not bonded 
to hydrogen, formal charge = 6 — 6 — (2/2) =—1. Non-zero formal charges are indicated in a Lewis structure by placing 
them alongside the atoms, as shown: 


Note: The sum of the formal charges in the molecule is zero. It is useful to remember that, in general, the formal 
charges in any Lewis structure add up to the charge on the particle. 


Similarly, calculating the formal charges in Structure II, for sulphur we have formal charge = 6 — 0 — (12/2) = 0, so the 
sulphur atom has no formal charge. The hydrogen and the oxygen atoms that are also bonded to S are the same in this 
structure as before, so they have no formal charges. And finally, the oxygen atoms that are not bonded to hydrogen 
have formal charge = 6 — 4 — (4/2) = 0. These oxygen atoms also have no formal charges. Now let us compare the two 
structures side by side. 


‘0: :0 
| 


La 
H—G—S~6—H H—G—S—6—H 
| || 
0: :0 


(Structure I) (Structure IT) 


The singly bonded structure on the left has a higher potential energy than the one with the double bonds since it 
involves separating negative charges from positive charges, which would require an increase in the potential energy. In 
general, the lower the potential energy of a molecule, the more stable it is. 


Note: When several Lewis structures are possible, the one with formal charges closest to zero is the most stable and 
is preferred. 


Formal charge has one other very useful application as it can help us decide whether a specific Lewis structure is 
legitimate or not. Just because we can write a structure that follows the octet rule does not necessarily mean that the 
structure actually represents the bonding in the molecule. 
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Solved Example | 6-9 | 


In nitrosyl chloride, determine whether the double bond 
exists between O and N or between N and Cl using the 
concept of formal charges. 


Solution 


We can write two resonance structures for the compound 
nitrosyl chloride: 


G=N—G: 


No formal charge 


O-N=ci: 
=1 +1 


Has formal charge 


If both were important, we would expect both bonds to 
have double-bond character (i.e., length). In the structure 
on the left, there are no formal charges on the atoms. In 
the structure on the right, there is a formal charge of —1 
on the oxygen and +1 on the chlorine. Recall that struc- 
tures with the least amount of formal charge are most 
important in determining the actual bonding. Thus, the 
structure with the formal charge does not represent the 
actual bonding in the molecule. Experiments tell us that 
only the structure on the left, which has an N=O double 
bond and an N—ClI single bond, represents the bonding 
in NOCL. 


Solved Example | 6-10 | 


Cyanogen (CN), is known as a pseudohalogen because 
it has some properties similar to halogens. It is com- 
posed of two CN’s joined together. Do the two CN’s join 
through the carbon or the nitrogen (i.e., C 
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Figure 6.4 Formation of a covalent bond between two hydrogen atoms. 


In the figure, 


(a) Two H atoms separated by a large distance. 
(b) As the atoms approach each other, their electron densities are pulled into the region between the two nuclei. 


(c) In the H, molecule, the electron density is concentrated between the nuclei. Both electrons in the bond are dis- 
tributed over both nuclei. 


In the H, molecule, the buildup of electron density between the two atoms attracts both nuclei and pulls them together. 
Being of the same charge, however, the two nuclei also repel each other, as do the two electrons. In the molecule that forms, 
therefore, the atoms are held at a distance at which all these attractions and repulsions are balanced. Overall, the nuclei are 
kept from separating, and the net force of attraction produced by sharing the pair of electrons is called a covalent bond. 

Every covalent bond is characterized by two quantities, the average distance between the nuclei held together by 
the bond, and the amount of energy needed to separate the two atoms to produce neutral atoms again. In the hydrogen 
molecule, the attractive forces pull the nuclei to a distance of 75 pm, and this distance is called the bond length (or 
sometimes the bond distance). Because a covalent bond holds atoms together, work must be done (energy must be 
supplied) to separate them. The amount of energy needed to “break” the bond (or the energy released when the bond 
is formed) is called the bond energy. 


6.5 | COORDINATE OR DATIVE BONDING 


During the formation of a bond by sharing of electrons between atoms, when both electrons of the shared pair are 
provided by one of the combining atoms, then the bond formed is called a coordinate bond or a dative bond. The atom 
which provides the electron pair is termed as the donor atom, while the atom which accepts it is termed as the accep- 
tor atom. An arrow pointing from donor towards the acceptor atom represents a coordinate bond. Once a coordinate 
bond is formed, it cannot be distinguished from a normal covalent bond. Some examples of coordinate bond are: 


1. Formation of ammonium (NH,,’) ion: Here nitrogen is the donor atom, while H” is the acceptor ion as shown: 


H [ H al 
x x 
Hx-N: +H’ —— Hx-N: —-H 
x : a 1? Coordinate bond 
Lone pair 
H H 
of electrons — = 
Ammonia Ammonium ion 
molecule 


2. Formation of coordinate bond between two molecules: Sometimes, two or more stable molecules combine to 
form a molecular complex in which the constituent molecules are held together by a “coordinate bond” One typi- 
cal example is the complex formed by coordinate bond between the molecules of NH, and BF,. 
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H F 

H F H F | 
H:N:+B:F—H:N: > B:F —H—N-B—F 

H F 


Ammonia-boron 
trifluoride complex 


The nitrogen atom has a complete octet around it, but boron has only six electrons around it. The nitrogen atom 
donates its lone pair of electrons to boron so that it also acquires the octet. This sharing gives rise to a coordinate 
bond between N and B atoms. 


Solved Example | 6-11 | 


Which of the two, anhydrous or hydrated AICI, is more is not electron deficient as the oxygen atom from the 
soluble in diethyl ether? Justify using the concepts of water molecule has already donated its electron pairs to 


bonding in not more than two or three sentences. fulfill the electron deficiency of Al. 

(IIT-JEE 2003) 

Cl Cl 
Solution \ = \ = 
Al Al 
: bo a \.7 A / \ 2s 

Anhydrous AICI, is more soluble in diethyl ether because Cl O Cl O 
the oxygen atom of the ether molecule donates its lone Si \GjH; 
pair of electrons to the vacant orbital of electron deficient 
aluminium of AICI, through coordinate bond formation. Hydrated AICI, Anhydrous AICI, 


However, in case of hydrated AICL,, the aluminium atom 


Solved Example | 6-12 | 


BCI, has an incomplete valence shell. Use Lewis struc- Solution 
tures to show how it could form a coordinate covalent oe 


bond with a water molecule. a a 
ci—B* ™s0— H <= Ba 0O— 
| | | | 
Cl: H Cl H 


6.6 | VALENCE BOND THEORY 


The valence bond (VB) theory was proposed by Heitler and London (1927) and further explained by Pauling et al. 
According to this theory, atoms with unpaired electrons tend to combine with other atoms which also have unpaired 
electrons. In this way, the unpaired electrons are paired up, and the atoms involved all attain a stable electronic arrange- 
ment. A covalent bond results from the pairing of electrons (one from each atom). The spins of the two electrons must 
be opposite (antiparallel) because of the Pauli exclusion principle that no two electrons in one atom can have all four 
quantum numbers the same. 
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The basic idea of the theory is that a bond between two atoms is formed when two electrons with their spins paired 
are shared by two overlapping atomic orbitals, one orbital from each of the atoms joined by the bond. By overlap of 
orbitals we mean that portions of two atomic orbitals from different atoms share the same space. This electron pair 
becomes concentrated in the region of overlap and helps bind the nuclei together. The amount that the potential 
energy is lowered when the bond is formed is determined in part by the extent to which the orbitals overlap. 

The number of bonds formed by an atom is usually the same as the number of unpaired electrons in the ground state, 
that is, the lowest energy state. However, in some cases the atom may form more bonds than this. This occurs by excita- 
tion of the atom (i.e., providing it with energy) when electrons which were paired in the ground state are unpaired and 
promoted into suitable empty orbitals. This increases the number of unpaired electrons, and hence the number of bonds 
which can be formed. The shape of the molecule is determined primarily by the directions in which the orbitals point. 


Orbital Overlap Concept 


According to valence bond theory, a covalent bond is formed between two atoms in a molecule, when the half-filled 
valence atomic orbitals (AOs) of the two atoms containing unpaired electron overlap with one another and the elec- 
trons pair up in the overlap region. Due to the overlapping, electrons are localized between the atoms in the bond 
region. When the attractive forces (electron—nucleus of two different atoms) are stronger than the repulsive forces 
(electron—electron or nucleus-nucleus), energy is released; lowering of energy makes the molecule stable. 


Types of Overlapping and Nature of Covalent Bonds 


The following bonds are observed based on the type of overlapping. Covalent bonds are classified into two main types — 
sigma (o) bonds and pi (7) bonds. 


1. o bond: It is formed by head-on overlap of orbitals. In a o covalent bond, the region of overlap of atomic orbitals 
lies along the line joining the two nuclei coming together and the electron density is concentrated in this region. 
Different types of overlap for o bonds: 


(a) s—s overlap, such as in H, molecule [Fig. 6.5(a)]. 

(b) s—p overlap, such as in HX molecule (X = F, Cl, Br, I) [Fig. 6.5(b)]. 

(c) p—p overlap, such as in X, molecule (X = F, Cl, Br, I) [Fig. 6.5(c)]. 

Keeping the internuclear distance same, the relative strength of bond resulting from three kinds of overlap is: 
S-S <S—p < p-p 


The order of bond strength can be explained on the basis of the fact that more the area of overlap, higher will be 
the strength. Since the p orbital has directional property, p—p overlap provides more area for overlap for the same 
internuclear distance. 


(a) (b) (c) 
Figure 6.5 Different types of overlaps in o bond: (a) s-s overlap; (b) s-p overlap and (c) p-p overlap. 


Note: The shape of the molecule is determined by the o bonds (and lone pairs) but not by the z bonds. 


2. 2 bond: It is formed by sideways overlap of orbitals and it merely shortens the bond length (Fig. 6.6). In a z cova- 
lent bond, the region of overlap of atomic orbitals lies parallel to the line joining the two nuclei coming together, 
both above and below the axis. 
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pr- pr: 


Figure 6.6 Different types of overlap for z bonds. 


The relative strength of the z bonds increases when the intermolecular distance increases and the order is: 
2pn-2pn > 2pn-3dn > 2pn-3pTn > 3pn-3pTn 


The strength of the bond depends on the extent of overlap between the orbitals participating in the bond forma- 
tion. In case of o bond between s or p orbitals, the overlap is cylindrical about the bond axis; whereas in case of 
m bond, the p orbitals overlap above and below the bond axis. The sideways overlap is weaker than that about 
the axis. The z bond is thus weaker than the o bond. Also, z bond is always formed in addition to the o bond in 
molecules, particularly those containing multiple bonds. 

The valence bond theory also explains the directional properties of the bonds formed in terms of overlap 
and hybridization (explained later) and hence account for the geometry of the resulting molecules. Because the 
strength of the bond depends upon the extent of overlap, orbitals (apart from s orbitals) bond only in certain 
directions to obtain maximum overlap. Consider the formation of molecule hydrogen sulphide, H,S. Experiments 
have shown that it is a non-linear molecule in which the H 
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Bonding as an Overlap of Atomic Orbitals 


According to valence bond theory when two atoms come close together for bond formation, their atomic orbitals 
overlap. The overlap may be positive, negative or have a net zero value depending upon the orientation of the overlap- 
ping orbitals. The various arrangements that can result from overlap between s and p orbitals are depicted in Fig. 6.7 

The atomic orbital overlap is the key feature that explains the bond formation between diatomic (homonuclear 
and heteronuclear) and polyatomic molecules. 

In polyatomic molecules, the overlap and the orientation of the resulting orbitals also determines the shapes of 
molecules. For example, we know the shapes of polyatomic molecules such as CH,, NH, and H,O to be tetrahedral, 
pyramidal and bent on the basis of VSEPR theory. We will now see if the valence bond theory would account for these 
geometries on the basis of overlap between atomic orbitals. 


Positive overlap Negative overlap 
Px Px Px Px 
(a) (e) 


% “ - 


Px ee Px Px 
(9) 
Py Py Py Py 
Zero overlap f- 
Px Py 


Figure 6.7 The positive, negative and zero overlap of s and p orbitals. 


Let us consider the formation of methane molecule. The C atom in its ground state has the electronic configura- 
tion 15°, 2s’, 2p\, 2 Py and only has two unpaired electrons, and Be can form only two bonds. If the C atom is excited, 
then the 2s electrons may be unpaired, giving 1s”, 2s',2p!, 2 Ds 2 p:. There are now four unpaired electrons which over- 
lap with singly occupied s orbitals on four H atoms. 


2p 
Electronic structure of e 2s 2Px 2Py 2Pz 
carbon atom — ground tl TY TIT 
state 
1s 2s 2p 
Carbon atom — 
excited state tN i TAT | at 


Carbon atom having gained 
four electrons from H : beet los 
atoms in CH4 molecule N hs fe | te [Ts 
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The shape of the CH, molecule is not immediately apparent. The three p orbitals p,, p, and p, are mutually at right 
angles to each other, and the s orbital is spherically symmetrical. If the p orbitals were used for bonding, then the bond 
angle in water should be 90°. Using similar argument, we can show that the bond angles in NH, and H,O should also 
be 90°. The bond angles actually found differ appreciably from these: 


CH, H 
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Hydrogen atoms: 2 —~ | {. t. 4s2 4p, 
1s As im 
ae _ :Se: 
Selintum atom: 1— |fl} || Tt] 7 4p, Se 4p = aa 


> z H H 
vimwm go SS 
CAE (7 Ne 
When H,Se molecule is formed, 1s atomic orbital of two 


hydrogen atoms overlaps with two half-filled 4p, and 4p. 
orbitals of selenium atom to form o bond. There are two 
lone pairs of electrons present on the selenium atom. 


6.7 | HYBRIDIZATION 


In 1931, L. Pauling proposed that the different atomic orbitals in the valence shell of the same atom combine or 
mix with each other resulting in more stable set of orbitals called hybridized orbitals. This process is known as 
hybridization. 

Mathematically, the wave functions of the electrons in the orbitals of an atom are combined to give sets of equiva- 
lent wave functions called hybridized atomic orbitals. Hybridization is a simple mathematical process used for modi- 
fying electron densities, for describing bonding geometries and electron densities in more complex molecules. The 
driving force for hybridization is the formation of a bonding geometry with the lowest net potential energy, which is 
accessible by energetically feasible means. 

Hybridization results in a set of atomic orbitals which have equal energies (degenerate) and are intermediate 
between those of the basic orbitals used to construct them. These hybridized atomic orbitals can overlap more effec- 
tively with the atomic orbitals of other atoms in the molecule, thus providing an overall molecular structure which has 
stronger bonds and lower energy. The other inner atomic orbitals which are not used in constructing the hybrid orbit- 
als remain unaffected by the hybridization process. 


Note: Hybridization is not a physical phenomenon; it is merely a mathematical operation that combines the atomic 
orbitals in such a way that the new (hybrid) orbitals possess the geometrical properties, etc., that are reasonably 
consistent with observations in a wide range (but not in all) of molecules. 


Salient Features of Hybridization 
The important features of hybridization are as follows: 


1. The number of hybridized orbitals formed is equal to the number of atomic orbitals that get hybridized. 

2. The hybridized orbitals are always equivalent in energy and shape. For example, one s orbital and three p orbit- 
als are mixed to form four sp* hybrid orbitals, which are of equal energy; and each sp* hybrid orbital has 25% s 
character and 75% p character. For different hybridizations possible of s, p and d orbitals, the percentages of s, p 
and d characters are given in Table 6.2 


3. The atomic orbitals involved in hybridization can be empty, half-filled or completely filled. 


4. The hybridized orbitals have two lobes, one larger and one smaller (Fig. 6.8); larger 
lobes are more effective in overlapping with other atomic orbitals and forming 
stable bonds. Smaller lobes are generally not shown since they are close to nucleus 


and do not effectively participate in bond formation. Smaller ee) Larger 
sais : : : ar : : : : lob : lob 
5. The hybridized orbitals are directed in certain directions in space which will have oon : ve 


stable arrangements. The type of hybridization gives the geometry of the molecule. 


6. Hybridized orbitals are usually involved only in o bonds; z bonds involve the over- Figure 6.8 Shape of 
lap of unhybridized orbitals. hybrid orbital. 
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7. Hybridization is not invoked in isolated atoms, only in covalent bond formation with other atoms. 


Table 6.2 Percentage of s, p, d characters in various hybridized orbitals 


Hybridization 

type % s % p % d 
Sp 50 50 - 
sp” 33.33 66.67 = 
sp 25 5 = 
spd 20 60 20 
spa ~16.5 50 ~33 
spa ~14 ~43 ~43 


Note: 


(a) As the %s character increases in a hybrid orbital, the hybrid orbital becomes bulkier and shorter. On the other 
hand, as the %p or %d character increases, the orbital becomes longer and thinner (Fig. 6.9). 


~~ of |* 


Figure 6.9 Shape of hybrid orbitals with increasing p character. 


(b) As the %s character increases, the energy of the hybrid orbital decreases and as the %p or %d character 
increases, the energy of the hybrid orbital increases. 


Some important conditions for hybridization are: 


1. Only the orbitals present in the valence shell undergo hybridization. 
2. For effective hybridization, the energy of mixing orbitals must nearly be the same. 
3. Promotion of electrons to empty orbitals is not a necessary step in hybridization. 


4. It is not essential that only half-filled orbitals take part in hybridization. In some cases, even filled orbitals of the 
valence shell participate in hybridization. 


The possible combinations of orbitals for making a hybrid orbital are listed as follows: 


1. sp =s + any p orbital 

. Sp’ =s + any two p orbitals 

. Sp =S+p, +p, +P, 

. spd = 8 + p,+ p, + p, + d, (Trigonal bipyramidal) 
. spd =s +p, +p, +p, + de_, (Square pyramidal) 
. dsp’ = (n-1)d._y + ns +np,+ np, 

, spd =ns + np,+ np, +np,+Nndp_y»+ nd 


TID M BwWN 


asp’ =(n= I)dp_y+(n-1)d2+ns + np,+np,+np, 
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9. sp’d’ =ns +np,+ np, +np,+nd»_y»+nd,, +nd_ 
10. d's = (n-1)d,, + (n-1)d,, + (n—-1)d,, + ns (Tetrahedral) 


Calculation of Steric Number 


Steric number is the number of atoms bonded to the central atom of a molecule plus the number of lone pairs on 
central atom. This number is used to determine the shape of molecules. The following steps can be followed to find 
the steric number of any molecule. 

1. Identify one central atom. 


2. Calculate the total number of o bonds (n,) formed by the central atom + number of lone pair of electrons (n,) on 
the central atom to find the steric number. 


Steric Number (S.N.) =7, +7, 


This is illustrated with the following examples in which the steric number of the underlined central atom is 
determined. 


(a) For carbon in methane 


H 
| 
CH H—C—H 
4 
Number of o bonds with C = 4 
Number of lone pairs on C = 0 
Therefore, steric number = 4+ 0=4 
(b) For sulphur in sulphate ion 
; Ov p> 
soy s 
, 
5 oF 
Number of o bonds with S = 4 
Number lone pairs on S = 0 
Therefore, steric number of S=4+0=4 
3. For nitrogen in ammonia 
aD) 
N 
NH, 71% 
Ho 
Number of o bonds with N = 3 
Number of lone pairs = 1 
Therefore, steric number of N=3+1=4 
(d) For oxygen in water 
CG > 
oO 
— 
H H 


HO 


Number of o bonds with O = 2 
Number of lone pairs on O = 2 
Therefore, steric number of O=2+2=4 
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The relation between steric number, hybridization and shape of molecules is listed in Table 6.3. 


Table 6.3 Relation between steric number, hybridization and shape of molecules. 


Steric number Hybridization Orientation of the hybrid orbital in space or Angles between 
electronic geometry around the central atom hybrid orbitals 

2 Sp Linear 180° 

3 sp Trigonal planar 120° 

4 sp Tetrahedral (Td) 109°28” 


A 


5 sp°d Trigonal SETS Te (TBP) Axial (a) and 
equatorial (e): 90° 


e and e: 120° 
6 a and a: 180° 
e 
e 
a 


6 spd’ Octahedral (Oh) Between two 
adjacent orbitals: 90° 
Between two 
Opposite orbitals: 
-) 180° 
7 spd’ Pentagonal eg (PBP) aand a: 180° 


a and e: 90° 


e and e: 72° 
e 
e 
e 
e 
e 
a 


Note: During calculation of steric number in odd electron molecules, consider odd electron as a lone pair. For 
example, in ClO, 
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odd electron 
(jc=0 
// 
oO 


The stericnumber= 2 + 1 + 1 =4 
(o-bonds) (lone pair) (odd electron) 


Some Examples of Hybridization 
The various types of hybridization involving s, p and d orbitals are as follows: 


1. sp hybridization: The hybridization of one s orbital and one p orbital on a central atom gives rise to two equivalent 
sp hybrid orbitals. Generally the p, orbital is involved in overlap with s orbital and the hybrid sp orbital has 50% 
s and 50% p character. The two hybridized sp orbitals are in a linear arrangement, that is, 180° apart as shown 
in Fig. 6.10 using BeF, as an example. If bonds are formed by the overlap of these hybrids with orbitals of other 
atoms, then the other atoms will occupy positions on opposite sides of this central atom. Because of their shape, 
these sp orbitals overlap more effectively and result in stronger bonds than the original atomic orbitals. This type 
of hybridization is also known as diagonal hybridization. 


BeF, molecule having gained a 
share in two electrons by Tl i 


a 
bonding of two F atoms eee ae 


sp hybridization of the two orbitals in 
the outer shell, hence structure is linear 


Figure 6.10 (a) s-orbital, (b) p-orbital, (c) formation of two sp hybrid orbitals and (d) their use in forming beryllium 
difluoride. 


2. sp’ hybridization: The hybridization of one s orbital and two p orbitals of a central atom gives rise to three sp” 
orbitals, for example, BF, (Fig. 6.11). These three orbitals are equivalent, and repulsion between them is mini- 
mized if they are distributed at 120° to each other giving a planar triangle. In the hybrid orbitals, one lobe is bigger 
than the other, so it can overlap more effectively and hence form a stronger bond than the original atomic orbitals. 
The three sp’ hybridized orbitals are trigonal and planar, 120° apart. 


BF; molecule having gained a 
share in three electrons by 1] ‘ te | Tt 


bonding of three F atoms ess dan 


sp* hybridization of the three orbitals in 
outer shell, hence structure is a planar triangle 


= 
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(a) 
Figure 6.11 (a) sp* hybrid orbitals and (b) the BF; molecule. 


3. sp° hybridization: Mixing one s and all three p atomic orbitals produces a set of four equivalent sp* hybridized 
atomic orbitals. The four sp* hybrid orbitals having 75% p character and 25% s character point towards the ver- 
tices of a tetrahedron. Placement of the four orbitals in tetrahedral geometry provides the maximum separation 
between the electron pairs and minimizes electronic repulsion. 

When sp” hybridized orbitals are used by the central atom in the formation of molecule, the molecule acquires 
the shape of a tetrahedron An important example of this bond type is methane, CH,. In the free carbon atom, 
there are two unpaired electrons in separate 2p orbitals. The single 2s, and the three 2p orbitals of carbon mix into 
four sp’ hybrid orbitals which are chemically and geometrically identical (Fig. 6.12). The four sp* orbitals of carbon 
atom overlap with 1s orbitals of four hydrogen bonds to produce four o bonds. 


Carbon atom having gained 
four electrons from H qa t: Tegel te 
atoms in CH, molecule 


¥ 


5 sp® hybrid 
ee 3 ‘i oati 109.5 ) orbitals 
sp~ hybridization | NS 
ee 


2s 2p, 2py 2p, \ 


(a) (b) 
Figure 6.12 (a) sp* hybrid orbitals and (b) bonding in CH, molecule. 


In case of ammonia and water, the hybridization is sp*; but the observed H 
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Table 6.4 Directional properties of hybrid orbitals formed from s and p atomic orbitals 


Hybridization sp 
Shape 1802 
Linear 


Planar triangular 
Tetrahedral 


Hybridization in Ethane, Ethene and Ethyne 


1. sp’ hybridization in C,H, The structure of ethane and bonding 
in ethane is similar to that for methane as both the carbon atoms 
undergo sp* hybridization. Of the four sp* hybrid orbitals on each 
carbon, three overlap with s orbitals of three hydrogen atoms to form 
s-sp’ o bonds. The fourth sp* hybrid orbital on each carbon overlaps 
axially to form sp*-sp’ o bond. The C 
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bond. Finally, the remaining unhybridized 2p orbitals, one from each carbon atom, overlap to produce a z bond, 
which accounts for the second bond of the double bond. The C 
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take part in hybridization and account for geometries such as trigonal bipyramidal and octahedral. The energy of 3d 
orbitals is similar to the energy of both 3s and 3p orbitals and 4s and 4p orbitals; and can thus be involved in hybridi- 
zation with both. The type of hybridization possible with s, p and d orbitals along with their geometries and some 
examples are given in Table 6.6. 


Table 6.6 Types of hybridization of orbitals and their geometries 


Type of hybridization Number of atomic orbitals involved Shapes of molecules Examples 

dsp” 4[d+s+p(2)] Square planar [Ni(CN),]” 

spd 5[s + p(3) +d] Trigonal bipyramidal ie. ACL 

spa 6[s + p(3) + d(2)] 

spd 6[s + p(3) + d(2)] or Octahedron SF,,[CoF,]* 
[d(2) +5 +p(3)] [Co(NH,),|" 

spa 7[s + p(3) + d(3)] Pentagonal bipyramidal IF, 


1. Formation of PCI, by sp'd’ hybridization: The bonding in PCI, may be described using hybrids of the 3s 3p and 3d 
atomic orbitals for P. Hybridization of one s, three p and one d atomic orbitals produce five sp*d hybrid orbitals, 
which are trigonal bipyramidal in shape. These hybrid orbitals overlap with singly occupied p orbitals of chlorine 
to form five o bonds. 


fomehionmestoorinpcigmotcoue C2) LN [mE | LL 
a = 


spd hybridization, trigonal bipyramidal shape 


90° 
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Sulphur atom having gained r | rltel ty | rr 
six electrons from fluorine = ga [Bish 2 


atoms in SF¢ molecule = 


sp>d2 hybridization, octahedral shape 


iy 


90° 


Solved Example 


On the basis of hybridization, explain the shape of sul- 
phur tetrafluoride. 


Solution 


In SF, molecule, the central atom, sulphur, has the outer 
electron configuration 3s° 3p, p} p! as shown above in the 
formation of SF, molecule, sulphur needs four half-filled 
orbitals to overlap with 3p orbitals of four fluorine atoms. 
This happens by the unpairing of the two p, electrons and 
movement of one of them into one of the 3d orbitals on 
the excitation of atom. These five orbitals hybridize to 
give spd hybrid orbitals of equivalent energy. The central 
atom is therefore surrounded by five hybrid orbitals. One 
of these contains a lone pair of electrons while the other 
four contain one unpaired electron each, which overlap 
with p-orbitals of fluorine atoms to form S 
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1. If there are two pairs of electrons in the valence shell of the central atom, the orbitals containing them will be ori- 
ented at 180° to each other. It follows that if these orbitals overlap with orbitals from other atoms to form bonds, 
then the molecule formed will be linear. 


2. If there are three electron pairs on the central atom, they will be at 120° to each other, giving a plane triangular 
structure. 

3. For four electron pairs the angle is 109.5°, and the shape is tetrahedral. 

4. For five pairs, the shape is a trigonal bipyramid. 


5. For six pairs, the angles are 90° and the shape is octahedral. 


Nyhlom and Gillespie took into consideration the differences in behavior of the bonding and non-bonding electron 
pairs to further enhance the VSEPR model. The main postulates of VSEPR theory are: 


1. The shape of the molecule is determined by repulsions between all of the electron pairs present in the valence 
shell (including bonding and non-bonding). 


2. The electron pairs in the valence shell experience electrostatic repulsions due to negatively charged electron 
clouds. 


3. The electron pairs tend to occupy positions that minimize these repulsions. If the valence shell can be visualized 
like a sphere, then the electron pairs are localized on the spherical surface at maximum distance from each other. 


4. A multiple bond (double or triple) is treated like a single bond and the electron pairs (2 or 3) involved in multiple 
bonding are treated as single super pair. This is only a qualitative approximation. In reality, double bonds cause 
more repulsion than single bonds, and triple bonds cause more repulsion than a double bond. The double bond 
needs more space as compared to the single bond. The repulsion order in relation to the bonds is as follows: 


Double bond—double bond > Double bond-single bond > Single bond-single bond 


5. If a molecule has two or more resonance structures, then VSEPR model can be applied to any one structure. 
Formal charges are not included in the representation. 


6. The magnitude of repulsions between bonding pairs of electrons depends on the electronegativity difference 
between the central atom and the other atoms. 


7. A lone pair (non-bonded electron pair) of electrons takes up more space round the central atom than a bond pair, 
since the lone pair is attracted to one nucleus whilst the bond pair is shared by two nuclei. It follows that repulsion 
between two lone pairs is greater than repulsion between a lone pair and a bond pair, which in turn is greater than 
the repulsion between two bond pairs. Thus, the presence of lone pairs on the central atom causes slight distor- 
tion of the bond angles from the ideal shape. If the angle between a lone pair, the central atom and a bond pair is 
increased, it follows that the actual bond angles between the atoms must be decreased. The repulsion will be: 


Lone pair—lone pair > Lone pair—bond pair > Bond pair—bond pair 


8. Sometimes, the lone pair may be transferred from filled shell of an atom to unfilled shell of the adjacent bonded 
atom. This phenomenon of transferring electron is known as “back bonding” 


Molecular Geometry Based on Number of Electron Pairs 


For sake of simplicity, let us only consider molecules made up of two types of elements A and B. Then the molecules 
will have the general formula, AB,, where x = 1,2,3.... Table 6.7 gives some examples of such molecules, along with the 
number of lone pairs, their arrangement and geometry. 


Table 6.7 Molecules with the number of electron pairs, their arrangement and geometry 


Number of 
electron pairs Shape Example 


(Continued) 
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Table 6.7 (Continued) 


Number of 
electron pairs Shape Example 
3 Planar triangular BCI, oY 
ye pox 
# \120° 
a 
4 Tetrahedral (It is pyramid shaped with four (lal, H» 
triangular faces and four corners) 
Ges 
09:55 
H 
H 
5 Trigonal bipyramidal (It consists of two three- RCE 
sided pyramids joined by sharing a common face Swat 
— the triangular plane through the center.) ae a 
6 Octahedral (It is an eight-sided figure with six Sia 


corners. It consists of two square pyramids that 
share a common square base.) 


Molecular Geometry in Presence One or More Lone Pairs on Central Atom 


In view of the fact that the presence of a lone pair can considerably affect the geometry of the molecule, determina- 
tion of geometry of molecules with one or more lone pair is somewhat more complicated. There are three types of 
repulsive forces operative and these are between bonding pairs, between lone pairs and between bonding and lone 
pairs in the following order: 

Lone pair—Lone pair > Lone pair—-Bond pair > Bond pair—Bond pair 
(Here bond pair refers to a single bond.) 

Such molecules can be represented as AB,L,, where A is the central atom, B is the surrounding atom and L rep- 
resents the electron pairs. Both x and y are integers with values 1, 2,3... and indicate the number of atoms and lone 
pairs surrounding the central atom. Some examples of the molecules with central atom having one or more lone pairs 
along with their geometries are discussed with the following examples. 


Note: Molecular shape describes the arrangement of atoms, not the arrangement of electron pairs. 


Some Examples of Effect of Lone Pairs on the Shape of the Molecules 


The lone pair will distort the perfect geometry of hybrid orbitals which is observed in absence of anylone pair. Different 
cases illustrated the effect of lone pair on molecular geometry are illustrated as follows. 


Here, A, B = atoms, L =1 ir. 
Cit ae sala as inieounclagesnnehineeahaiignuediecoine 
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6.8 | The Valence Shell Electron Pair Repulsion (VSEPR) Theory and Shapes of Simple Molecules 
Case 1: Steric number = 2, hybridization = sp and shape is linear. 
Molecules of the type AB, (e.g. BeH,) 
B-A-B 


Case 2: Steric number = 3, hybridization = sp’. 
(a) Molecules of the type AB, (e.g., AICI,, CO): The bond angle @ is 120° and shape is trigonal planar. 


B 
| 


a 
a 
B 409° B 


(b) Molecules of type AB,L (e.g., SO,, NO, ): The bond angle @is less than 120° because bond pair(bp)-bond 
pair(bp) repulsion is less that bond pair(bp)-lone pair (Ip) repulsion. So the molecule is V-shaped. 


O 


A 
Ze 
oS 


Case 3: Steric number = 4, hybridization = sp* 
(a) Molecules of the type AB, (e.g., CH,): The bond angle @, is 109°28’ and the shape is regular tetrahedral. 


| 
aX 
Bos B 


(b) Molecules of the type AB,L (e.g., NH,): The bond angle 6, < 0, = 109°28’. Thus, the shape is distorted 


tetrahedral. 


A 
Ay: 


B 


(c) Molecule of the type AB,L, (e.g., H,O): The bond angle 6, < 0, < 6,= 109°28’. The molecule is V-shaped. 


OO 


A 
p /es\ B 


Case 4: Steric number = 5, hybridization = sp*d. 
(a) Molecules of the type AB,: The bond angles are 120° and 90° and the molecular geometry is trigonal 


bipyramidal. 
B 
B 
J 
B B 


B 


Before we go ahead, let’s examine the hybridization sp*d. In sp*d hybridization, there are two positions 
available: 
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(i) Axial positions: These positions are at an angle of 90° to the plane. They are made by p, and d_ 
orbitals 


(ii) Equatorial positions: These are the three positions which are forming the plane and are at angle of 
120° with each other. They are made by s,, p, and p, orbitals. 


Therefore, equatorial positions have more s-character than the axial positions. Also, as % of s character 
increases, electronegativity increases. Thus, equatorial positions are more electronegative than axial positions. 


Note: According to Bent’s rule, in trigonal bipyramidal geometry, the more electronegative element should go 
to the less electronegative position (i.e., axial position) and less electronegative element should go the more 


electronegative position (i.e., equatorial position) to minimize the overall repulsion in the molecule. For example, 
consider the following structures, for PCI,F, 


F F Cl 
F F Cl Cl F F 
Cl F F 


(a) (b) (c) 
x Vv x 


In the above structures, (b) is correct according to Bent’s rule because more electronegative F is at the axial posi- 
tion and less electronegative Cl is at the equatorial position. 


(b) Molecules of the type AB,L (e.g., SF,, XeO,F,): The shape of the molecule is seesaw. 
e B 
o 
B 
x 


B B 


(a) (b) 
Vv Xx 
In the above structures, (a) is correct as in trigonal bipyramidal geometry, the lone pair will always go to equa- 
torial position to minimize Ip-lp and Ip-bp repulsion. 
(c) Molecules of the type AB,L,(BrF;, XeF;): The molecular geometry is T-shaped. 
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Case 5: Steric number = 6, hybridization is sp*d’. 
(a) Molecules of the type AB, (e.g., SF,, TeCl,, XeO¢): The shape of the molecules is octahedral. 


(b) Molecules of the type AB.L (e.g., IF;, XeF;): The geometry of the molecule is distorted octahedral or 
square pyramidal. 
B (..) B 


V 
A 


® 
ive) 


B 


Note: In octahedral geometry, all positions are equivalent, so lone pair can be put anywhere. 


(c) Molecules of the type AB,L,(e.g., XeF,, [[Cl,] ): The shape of the molecules is square planar. 


® 


Case 6: Steric number = 7, hybridization = sp*d’. 
(a) Molecules of the type AB-(e.g., IF,): The shape of the molecule is pentagonal bipyramidal and bond 
angle = 72°, 90° 


® 
ive) 


B 
(b) Molecules of the type AB,L (e.g., XeF,, IF; ): The shape of the molecules is distorted octahedral. 


ies) 
iv) 


B 
(c) Molecules of the type AB.L, (e.g., [XeF.]): The shape of the molecule is pentagonal planar. 
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Some Examples of Effect of Electronegativity on Molecular Geometry 


Let us consider the following examples to understand the effect of electronegativity on geometry of molecules. 
Observation: NH, has a bond angle = 107° but NF, has a bond angle = 102°. 
Explanation: Consider the following structures for the given molecules. 


© ©) 
N N 
a * a * 
H F 
(a) (b) 
In structure (a), the bond pair of N-H bond is more towards N; it being more electronegative than H. However in 


structure (b), the bond pair of N—-F bond is shifted more towards F because F is more electronegative than N; therefore, 
0, > 0,. The difference in bond angles of H,O and F,O can also be explained on similar basis. 


Note: In absence of lone pair, electronegativity does not matter. For example, CH, and CF, or SiH, and SiF, have 
the same bond angles. 


Observation: The trend in bond angles: PI, > PBr, > PCI, > PF, 
Explanation: Consider the following structure for the molecules. 


P 
X =F, Cl, Br, | 
/e|\ 
X X X 


In the given series, the bond angle decreases as we go from I to F due to steric crowding. As the size of X increases, 
repulsion increases and thus @ increases. 

Size of halogen atoms: I> Br > Cl>F 

Therefore, order of bond angle: PI, > PBr,; > PCI, > PF; 
Observation: Bond angle (CFF) of CHF, > CH,F, (i-e., 108°6’ > 108°3’) 
Explanation: This can be explained on the basis of Bent’s rule which states that more electronegative element prefers 
to stay in orbital having more p- character and further, it can also increase the p- character in its attached orbital from 
the central atom depending upon the circumstance. 

H I 


| 
Cc Cc 
ae. fad 
F 108°6’F = 108°3" H 
F F 


Note: This is not applicable in CHCl, and CH,Cl, as bond angle increases due to larger size of Cl atoms. 
H H 


| | 
At hs 
cl me Eft 4 
Cl Gl 


Note: Also as p-character increases, bond length will increase whereas an increase in s-character will 
shorten the bond length. For example, 

(@) dy» in N,H, > dy.y in N.F, 

(ii) d.-in C,H, > din CF, 

(ili) do, in O,H, > dg, in O,F, 


(iv) deg in CH,Cl> deg in CF,CL . 


6.8 | The Valence Shell Electron Pair Repulsion (VSEPR) Theory and Shapes of Simple Molecules 


Drago’s Rule 


According to Drago’s Rule, if the central atom is in third row or below in the periodic table, then the lone pair will occupy a 
stereochemically inactive s orbital and thus pure “p” orbitals would participate in bonding. In such a case, bond angle would 
be nearly 90° if the electronegativity of the surrounding atom < 2.5. For example, consider the following series for bond angles. 

NH, > PH, > AsH, > SbH, 

107° 93.8° 91.8° 913° 

H,O > HLS > H,Se > H,Te 

104.5° 92° 91° 89.5° 


Solved Example | 6-17 | 


Using VSEPR theory deduce the structures of PCl, and In BrF,, the electronic configuration of Br is [Ar] 4s? 4p> 
BrF,,. (IIT-JEE 2004) As 4p 4d 
Excited 

Solution state of B MN 1 | rd | 1 | | | 

In PCls, the electronic configuration of P is [Ne] 3s? 3p* sped 

Lone pair 
3s 3p 3d 
Excited [1 ve } ii 
state of P 


Os 


spd F on oe 
Br Square pyramidal 
] me | ie 
Cl F 
Cl | a . Trigonal bipyramidal 
Cl 
Solved Example 
Draw the shape of XeF, and OSF, according to VSEPR Solution 
theory. Show the lone pair of electrons on the central 
atom (IIT-JEE 2004) F wy, F F 
O 
Xe ee 
= F<s§ od 
FE F 
& i o 
iB 


Two lone pairs 
S 1 

ae ed No lone pair 
Trigonal bipyramidal 


sped 


Solved Example 


According to VSEPR theory, what is the most probable Solution 
shape of the molecule having 4 electron pairs in the out- 


eiemcet shell araheccuial arcu Tetrahedral shape is formed with the molecule having 


four electron pairs in the outermost shell of the central 
atom. 
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Solved Example | 6-20) 


Using the VSEPR theory, identify the type of hybridiza- vam 
tion and draw the structure of OF,. What are the oxida- F F 


HERS Oe anae Oxidation number of oxygen = +2 and that of fluorine =—1 


Solution 


The structure of OF, is similar to H,O and involves sp* 
hybridization on O atom having V-shape. 


Note: Atoms tend to position themselves so that the maximum amount of orbital overlap occurs so that this yields 
the minimum potential energy, and therefore the strongest bonds. 


6.9 | BACK BONDING 


In some cases, there is a transfer of lone pair from a filled shell to an unfilled shell of an adjacent bonded atom. This 
transfer of electrons is a kind of z- bonding which may involve partial or complete transfer of electrons. Usually, the 
donor atoms that contain lone pair are F, O, N, C, Cl, Br, I, P, S, etc. Let us consider the following cases based on the 
nature of the donor atoms. 


Case 1: Back bonding when fluorine is the donor atom. 
Observation: The bond angle in PH, = 93.8° but the bond angle in PF, = 978°. 
Explanation: Consider the following structures for the given molecules. 


C) 


P 
’ a i 
H oy H 


(a) (b) 


In structure (a), according to Drago’s rule, the bond angle should be around 90°. In structure (b), back bonding 
occurs between filled 2p orbitals of F and vacant orbitals 3d of P. As a result, though it is expected that due 
to higher electronegativity of F, the bond angle in PF, should be less, it is actually greater than H—P—H bond 
angle due to partial double bond character in P-F bond. Thus back bonding leads to decrease in P-F bond 
length and an increase in F—-P-F bond angle. 

Similarly the lower bond angle in case of AsH, (91.8°) < AsF, (96.2°) can be explained on the basis of 
back bonding. 


Observation: The B-F bond length in BF, to shorter than expected. 
Explanation: Consider the following structures for BF,. 


F 2. Big 2pr-2pr 
a WC Back 
F F bonding 


Vacant Filled 2p 


In BF,, the back bonding occurs between filled 2p orbitals of F and vacant 2p orbitals of B. As a result, B—F 
bond length in BF, is shorter than expected. 


Observation: The Lewis acidity order is as follows 
BF, < BCI, < BBr, < BI, 
ram.me/Unacademyplusdisco 
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h 
Explanation: For the ery rictita ) 
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04 GH of 
OO OH OH FE 


The most effective back bonding is between filled 2p orbitals of F and vacant 2p orbitals of B. As the size of 
halide ion increases the effectiveness of overlap decreases. Therefore, the extent of back bonding is 


(a) > (b) > (c) > (d) 
Boron is electron deficient in all the cases. It is the most electron deficient when the extent of back bonding is 
the least. Therefore, the order of electron deficiency of boron atom is 


(a) < (b) < (¢)< (@) 
Thus, the Lewis acid strength is (a) < (b) < (c) < (d) or BF, < BCI, < BBr, < BI, 
Case 2: Back bonding when oxygen is the donor atom 
Observation: The B—O bond length in B(OH), is smaller than B—O bond length in [B(OH),]. 
Explanation: Consider the following structures for the given molecules. 


OH 
: a 
B<— OH ] 

HO Pm 
1 ag Wi 
(a) (b) 


In structure (a) for [B(OH),], there is no back bonding in (a). In structure (b) for B(OH),, back bonding 
occurs between filled 2p orbitals of O and vacant 2p orbitals of B. Thus, B-O bond length in B(OH), is shorter. 
Observation: The order of bond angles Cl,O > H,O > F,O is 


(110°8’) (104°5’) (103°2’) 


Explanation: In the given observation, the expected order of bond angles, based on electronegativity, is 
H,O > CLO < F,O. However, the observed order of bond angles is CLO > H,O > F,O 
b+ 


aN 
Cl Cl 
This deviation can be explained on the basis of back bonding that occurs between filled 2p orbitals of O and 
vacant 3d orbitals of Cl or 2pa — 3dz back bond formed. 
Observation: Boroxine [B,O,]” and borazine [B,N,H,] have planar structures. 
Explanation: Consider the following structures for the given compounds. 
ion H 
| | 
J %. a “\ 


[*"feent06 apse” | 


SF % “ND 


In both the cases full coordinate 2p — 2pz back bonding occurs, resulting in a planar structure. 
Observation: The ZA]l—O-AI in (F,C),Al-O-AI(CF,), is almost 180°. 


Explanation: Consider the Arata structure for (F;C),Al-O-—AlI(CF;), 
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Case 3: 


F,C 0 CF 
s die ee Sy A 
178° 

F3C a ™ CF3 
The back bonding occurs between filled 2p orbitals of O and vacant 3d orbitals of electron deficient Al. The 
extent of back bonding is enhanced due to the presence of electron withdrawing group CF, on Al. As a result, 
the hybridization is almost sp and bond angle approaches 180°. 
Observation: R,Si-OH is more acidic than R,C- OH. 
Explanation: Consider the following structures for the given compounds. 


R R 
| | 
R —Si— OH R=c=R 
| | 
R OH 
(a) (b) 
The conjugate bases are: 
R 2pn-3dr i 
|<— - | = 
R—Ssi—oO R=C¢—=0 
| | 
R R 


In structure (a) for R,Si-OH, back bonding occurs which stabilizes the conjugate base of (a) due to 2pm — 3dz 
bond formation. However, no back bonding is possible in structure (b) for R,C-OH. 

Back bonding when nitrogen is the donor atom. 

Observation: (CH,),N is pyramidal but (SiH,),N is planar. 

Explanation: For the above observation, consider the following structures 


2 


sp 
() 5 sp 2pn-3dr vA z 
N Yo SiH 
ae oe 3 
H5C~ | CHs Hei |! 
CH, SiH 
(a) (b) 


In structure (a), no back bonding occurs and thus the hybridization is sp° with one lone pair. As a result, the 
shape is pyramidal. In structure (b) 2pz — 3dz back bond is formed between filled 2p orbitals of N and vacant 
3d orbitals of Si. As a result, the hybridization of N is now sp’ and the shape is planar. 


Note: P(SiH,), is pyramidal and not planar like NP(SiH,),. In P(SiH,),, P has its own vacant d orbital and 
the inter- nuclear distance is large. Hence the tendency to donate lone pair is less and no back bonding 
takes place. 


Observation: H,C — NCS is bent but SiH, — NCS is linear. 
Explanation: Consider the following structures given in the observations 


2pn-3 dr 
H;c =N—C—S H,Si =N—C—S 
sp? \> sp 
(a) (b) 


In structure (a), no back bonding is possible. In structure (b), back bonding occurs between filled 2p of N and 
vacant 3d of Si. As a result SiH,-NCS is linear due to effective sp hybridization. 
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Observation: Order of bond angle: NCI, > NH, > NF, is 
(107°45") (107°) (102°) 
Explanation: Consider the following structures 


2pn-3 dr 


N me ane Non, WF 
fia HLH pO ioe 
A | 14 107 - 

Cl 


Back bonding occurs in NCI, between filled 2p orbitals of N and vacant 3d orbitals of Cl. As a result, hybridi- 
zation approaches sp’ and bond angle increase. 

Observation: The order of bond length of B—N: B(NR,), > HB(NR,), > H,B-NR, 

Explanation: Consider the following structures for the given compounds. 


NRo H H 
| | | 
B B B 
eo ff -% 7% 
RoN NR> RoN NR> H NR, 
(a) (b) (c) 


Due to steric crowding, the back bonding is most restricted in (a) and most feasible in (c). Therefore, the 
extent of back bonding is (a) < (b) < (c) and order of B—N bond length is (a) > (b) > (c). 

Back bonding when carbon is the donor atom. 

Observation: CHCI, is more acidic than CHF,,. 

Explanation: This is explained as follows 


CHCl, = H* +CCl, 


CHF, = H*+CF, 


Ge 7% 
Cl Cl Cl F FE F 

Observation: The relative stability order of diradicals is : CH, <: CCl, <: CF, 

Explanation: In :CH,, the carbon atom is electron deficient due to incomplete octet and no back bonding, 
while in:CF, and :CCL, 2pa -2pm and 2pm -3pm back donation takes place, respectively. The 
2px —2px bonding is more effective than 2p2 —3pzm back donation. So, :CF, is more stable as 
compared to:CCL. 

Observation: R,C is pyramidal while (CN),C is planar. 

Explanation: This can be explained on the basis of back bonding from the lone pair of carbon atom into the 
m* orbital of the CN group. 


Note: In all of the following: P = O, Cl = O, S = O,z bonds are pz—dz bonds between filled p orbitals of O 
and vacant d orbitals of P, Cl, S. 
The relative strength of bonds are in the order: 


2pn — 2pn > 2pa — 3dr > 2pn —3pa > 3pa - 3pa 


(2pa — 3dr is stronger due to inclined nature of 3d orbital.) 


Bridge Bonding 


A bridge bond is a type of bond which forms in some hydrogen compounds such as B,H, and BeH,. Let us consider 
the following examples of bridge bonding. 


1. Diborane (B,H,): It is observed that BH, molecules do not exist in monomeric form at ordinary conditions, and 
undergo dimerization readily as shown in Fig. 6.16. 


https://telegram.me/unacademyplusdiscounts 


Telegram @unacademyplusdiscounts 


Chapter 6 | Chemical Bonding 


" BY ON gn 
—__ 


aa 
ON ON, 


H 


H 
‘ | Alii, 
B 


Figure 6.16 Dimerization of BH; molecule. 
2BH, — BH, 


B,H, exists as [BH,]* [BH,]: = [BH,] [BH,]* 

In this case one bond pair of B—-H is shared with the other B to fulfill the octet rule. As a result two electrons are 
shared between three atom (B, H, B) and it is known as 2 electron—3 center (2e — 3c) bond. The hybridization of 
both boron atoms is sp*. The electronic distribution of the bridge bond (B-H-B) has a banana like appearance and 
is also called banana bond. 


The B-H bond length in terminal bonds is less than the B—H bond length in the bridge bonds. Also, more energy 
is required to remove the hydrogen atom from the bridged position than the terminal position. This is because the 
bridged overlap is of o type and is considered sp*—s—sp’ overlap. 


2. BeH,; In beryllium hydride, Be is sp hybridized and the shape is linear. The existence of the dimer Be,H, and 
higher polymeric forms (BeH,),, can also be explained on the basis of bridge bonding as shown in Fig. 6.17. 
BeH,: H——Be——H 


sp 
Linear 


Pas bond 
4 H 
BesH,: eae H H—Be  Be—H CED 6 
/ te qHty pe 
H uz ; ri 


pre sp H 

Planar 
(BeH,), wo, en, way Win, e S Pe Mii, a ‘ss wt 
Mod | Ee Ee Ge ran N, an ™, 


Non-planar 
Figure 6.17 Bonding in BeH, and bridge bonding in Be,H, and (BeH.,).. 


3. Beryllium chloride (BeCl,): In BeCL, Be is sp hybridized and structure is linear. In Be,Cl, and (BeCL),, the bridge 
bond in Be-Cl-Be is (4e—-3c) bond (Fig 6.18). 


BeCl,: Cl— Be — Cl (Linear) 
© b/\p 
| 
oe" cit Be Be—Cl 
ce KA 
Be,Cl, f La { Cl { 
Y sp? sp? 
Planar 


Niny,, Lo % ye" Vy, a Ny yw" Wy a 


(BeCl,),, (fo Nore No i 


Non-planar 


Figure 6.18 Bonding in BeCl, and bridge bonding in Be,Cl, and (BeCl.),. 
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4. LCl,: The bridge bonding in ICI, leads to formation of dimeric compound. 


21Cl, = 1,Cl, 


Both iodine atoms are sp*d* hybridized and the molecule is planar to minimize repulsion, as shown in Fig. 6.19 


Cl Cl 7 +. as 

ie iat a ox Lee 98 
cl aN a7 a fo gd = 
Figure 6.19 Structure of I,Cl,. 


Some molecules showing bridge are listed in Table 6.8 along with nature of bond and planarity. 


Table 6.8 Molecules showing bridge bonding 


(3c—2e/3c—4e) Non-planar (NP) 
ALCI, 3c4te NP 
ALBr, 3c-4e NP 
(AIH;), 3c-2e NP 
ALI, 3c4e NP 
AL(CH;), 3c—2e NP 
IKCIh, 3c4e le 


6.10 | IONIC BONDING 


Ionic solids are held together by the electrostatic attraction between the positive and negative ions. The attractive 
force will be a maximum when each ion is surrounded by the greatest possible number of oppositely charged ions. The 
formation of an ionic compound and its stability primarily depend on: 


1. The ease of formation of ions. 


2. The arrangement of positive and negative ions in the ionic solid or the lattice structure of the crystal. 


Formation of lonic Bond 
The formation of an ionic compound will depend upon: 


1. Ionization enthalpy: It is the enthalpy change that accompanies the removal of an electron from the outermost 
shell of an isolated gaseous atom to form a positive ion in gas phase. Lesser the ionization enthalpy, greater will 
be the energy released on formation of a positive ion and greater will be the ease of formation of an ionic bond. 


2. Electron gain enthalpy: It is the enthalpy change that accompanies the addition of an extra electron to a gaseous 
isolated atom to form a negative ion in gas phase. Higher the electron gain enthalpy, greater will be the energy 
released on formation of a negative ion and greater will be the ease of formation of an ionic bond. 


3. Lattice enthalpy: It is defined as the change in energy that occurs when isolated ions in the gas phase combine to 
form one mole of ionic compound. It is determined by the size of the ions and the charge on them. Greater the 
value of lattice enthalpy of the resulting ionic compound, greater will be the ease of its formation and its stability. 


Metals, at the left of the periodic table, are elements with small ionization enthalpies and electron gain enthalpies. 
Relatively little energy is needed to remove electrons from them to produce positive ions. They tend to form positive 
ions. Non-metals, at the upper right of the periodic table, have large ionization enthalpies and generally exothermic 
electron gain enthalpies. It is quite difficult to remove electrons from these elements, but sizable amounts of energy 
are released when they gain electrons. They tend to form negative ions. 
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For ionic bonding to occur, the energy-lowering effect of the lattice enthalpy must be greater than the combined 
net energy-raising effects of the ionization enthalpy and electron gain enthalpy. On an energy basis, therefore, it is 
least “expensive” to form a cation from a metal and an anion from a non-metal. so it is relatively easy for the energy- 
lowering effect of the lattice enthalpy to exceed the net energy-raising effect of the ionization enthalpy and electron 
gain enthalpy. In fact, metals combine with non-metals to form ionic compounds simply because ionic bonding is 
favored energetically over other types whenever atoms with small ionization enthalpies combine with atoms that have 
large exothermic electron gain enthalpies. 

The magnitude of the electrostatic or coulombic attraction between the particles depends on the product of the 
charges (q, and q,) on the two ions and the square of the distance between the ions (7’). 


P= hi *% 
r 


Let us consider formation of sodium chloride from its elements that involves formation of the sodium and chloride 
ions. The formation of this ions is related to the potential energy of the system of reactants and products. This is 
because for any stable compound to form from its elements, there must be a net lowering of the potential energy or the 
reaction must be exothermic. 


Note: Keep in mind the relationship between potential energy changes and endothermic and exothermic processes: 


Endothermic process => Increase in potential energy 
Exothermic process = Decrease in potential energy 


In case of gaseous atoms, we need to consider the ionization enthalpy and electron gain enthalpy of sodium and chlo- 
rine, respectively. 


Ionization enthalpy of sodium: Na Na* +e (+ 495.4kJ mol”) 
Electron gain enthalpy for chlorine: Clt+e™ > Cl” (—348.8 kJ mol) 


The sum of the energy changes associated with the formation of both the ions is + 146.6 kJ mol”. This shows that the 
formation of ions from gaseous sodium and chlorine require a substantial increase in the potential energy. The driving 
force for the formation of the compound, and its stability can be explained by the lattice enthalpy. 

In the above energy considerations, we have considered the gaseous state of sodium and chloride atoms. However, 
the compound NaCl is a solid in which the ions are packed together in a way that maximizes the attractions between 
oppositely charged ions. If we were to pull apart the ions to form gaseous ions, the process would require a lot of work 
and would lead to a large increase in the potential energies of the ions. The lattice enthalpy is the energy required to 
completely separate the ions in one mole of a solid compound from each other to form gaseous ions. For sodium chlo- 
ride, the process associated with the lattice enthalpy and in equation form can be represented as 


NaCl(s) > Na*(g) + Cl (g) 


The energy associated with this change (the Jattice enthalpy of sodium chloride) has been both measured and calcu- 
lated to be +7870 kJ mol". The positive sign means that it takes 7870 kJ to separate the ions of one mole of NaCl. 
It also means that if we bring together a mole of Na‘ and CI ions from the gaseous state into one mole of crystalline 
NaCl, 787 kJ will be released. If we now include the lattice enthalpy (with its sign reversed because we are changing 
the direction of the change) along with the ionization enthalpy and electron gain enthalpy we have 


Na(g) > Na*(g)+e + 495.4 kJ (Ionization enthalpy of Na) 
Cl(g)+e — Cl (g) —348.8 kJ (Electron gain enthalpy of Cl) 
Na*(g)+CI(g) > NaCl(s) — 7870 kJ (Lattice energy) 

Net reaction: Na(g) + Cl(g) > NaCl(s) — 640.4 kJ 


Thus, the release of energy equivalent to the lattice enthalpy provides a large net lowering of the potential energy as 
solid NaCl is formed. In other words, we can say that it is the lattice enthalpy that provides the stabilization necessary 
for the formation of NaCl. Lattice enthalpies are endothermic and so are given positive signs. For any ionic compound, 
the chief stabilizing influence is the lattice enthalpy, which when released is large enough to overcome the net energy 


input required to form the ions from the elements. 
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Lattice Enthalpy 


For an ionic compound to be formed from its elements, the exothermic release of the lattice enthalpy must be larger 
than the endothermic combination of factors involved in the formation of the ions themselves, which primarily involve 
the ionization enthalpy of the metal and the electron enthalpy of the non-metal. 

Lattice enthalpy for ionic compounds can be calculated theoretically from Born Lande’s equation as 


Ng lah 


(6.2) 


lattice 


Naz Ze A( ; 1) 
n 


ATEN 


where N, = Avogadro constant; A = Madelung constant, relating to the geometry of the crystal; Z* = charge number 
of cation; Z = charge number of anion; e = charge of electron 1.6022 x 10” C and €, = permittivity of free space; r, = 
distance to closest ion; m = Born exponent, typically a number between 5 and 12. The Born exponent is determined 
experimentally by measuring the compressibility of the solid, or derived theoretically. 

Substituting 47re, = 1.112 x 10°" C’ J"-m", N, = 6.023 x 10” and e = 1.6022 x 10°” C, we get 


A a=tax10(224)(1-1) (6.3) 


lattice 
‘y n 


Note: Another term called hydration enthalpy is the energy released when the ions of an ionic compound are 
attached to water molecules. 


The lattice enthalpies of some ionic compounds are given in Table 6.9. Their magnitudes depend on a number of 
factors, including the sizes of the ions and their charges. In general, as the ions become smaller, the lattice enthalpy 
increases; smaller ions allow the charges to get closer together which makes them more difficult to pull apart. For 
example, the lattice enthalpy for LiCl is larger than that for NaCl. 


Table 6.9 Lattice enthalpies of some ionic compounds 


Compound lons Lattice enthalpy (kJ mol") 
ILC Li’ and Cl” 845 
NaCl Na’ and Cl” 787 
KCl K* and Cl 709 
LiF Li’ and F 1033 
CaCl, Ca” and Cl 2258 
AICI, Al* and Cl 5492 
CaO Ca™ and O* 3401 
ALO, Al* and O* 15,916 


The lattice enthalpy also becomes larger as the amount of charge on the ions increases, because more highly charged 
ions attract each other more strongly. Thus, salts of Ca™ have larger lattice energies than comparable salts of Na*, and 
those containing Al™ have even larger lattice energies. Besides affecting the ability of ionic compounds to form, lattice 
energies are also important in determining the solubilities of ionic compounds in water and other solvent. 

Lattice enthalpies cannot be measured directly, but experimental values are obtained from thermodynamic data 
using the Born—Haber cycle. 


Born-Haber Cycle 


We cannot measure the lattice enthalpy for sodium chloride directly, but we can use Hess’ law and some other experi- 
mental data to calculate the lattice enthalpy indirectly. We have learnt that the enthalpy change for a process is the 
same regardless of the path we follow from start to finish. With this in mind, we can construct a set of alternate paths 
from the free elements to the solid ionic compound. This is called a Born—Haber cycle after the scientists who were the 
first to use it to calculate lattice energies, and is shown in Fig. 6.20 for the formation of sodium chloride. 
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We begin with the free elements, sodium and chlorine. The direct path at the bottom left has as its enthalpy change 
the heat of formation of NaCl, A;H”. 


Na(s)+3Cl,(g) > NaCl(s); A,;H° = —411.3 kJ 


The alternative path is divided into a number of steps. The first two steps, both of which have AH” values that can be 
measured experimentally, are endothermic. They change Na(s) and Cl,(g) into gaseous atoms, Na(g) and Cl(g). The 
next two steps change these atoms to ions, first by the endothermic ionization enthalpy of Na followed by the exo- 
thermic electron gain enthalpy of Cl. This brings us to the gaseous ions, Na*(g) and Cl(g). Notice that at this point, if 
we add all the energy changes, the ions are at a considerably higher energy than the reactants. If these were the only 
energy terms involved in the formation of NaCl, the heat of formation would be endothermic and the compound 
would be unstable; it could not be formed by direct combination of the elements. 

The last step on the right finally brings us to solid NaCl and corresponds to the negative of the lattice enthalpy. 
(Remember, the lattice enthalpy is defined as the energy needed to separate the ions; in the last step, we are bringing the ions 
together to form the solid.) To make the net energy changes the same along both paths, the energy released when the ions 
condense to form the solid must equal —7870 kJ. Therefore, the calculated lattice enthalpy of NaCl must be +7870 kJ mol’. 


Na*(g) + Cl(g) 
Electron gain enthalpy of Cl 
348.8 kJ mol | 
lonization 
enthalpy of Na 
4 Na*(g) + Cl'(g) 
+495.4 kJ mol _——— 
— (Lattice enthal 

Na(g) + Cl(g) ey 
ehotgynesded 4121.3kJ mol” -787 kJ mol * 


to form gaseous 
Cl atoms 


Na(g) + + Cl(g) 
Energy needed 
to form gaseous 
Na atoms 


+107.8 kJ mol’ 


Na(s) +4 Cl,(g) 


A;HP = -411.3 kJ mol" 


| NaCl(s) 


Figure 6.20 Born—Haber cycle for sodium chloride. 
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The path at the lower left labeled A,H° leads directly to NaCl(s). The upper path involves the formation of gaseous 
atoms from the elements, then the formation of gaseous ions from the atoms, and finally the condensation of Na” and 
CI ions to give solid NaCl. The final step releases energy equivalent to the lattice enthalpy. The enthalpy changes 
accompanying each step can be listed as: 


1. Sublimation of sodium metal 
Na(s) > Na(g); A,,,4° = 107.8 kJ mol™ 
2. Ionization of sodium atoms 
Na(g) > Na*(g)+e; A,,,H° = 495.4 kJ mol” 


3. Dissociation of chlorine into atoms 


+Cl,(g) > Cl(g); 4A, na = 121.3 kJ mol 


4. Gain of electron by chlorine 


Cl(g)+e > CI (g); Az, H° =-348.8 kJ mol” 
5. The lattice enthalpy 


Na*(g)+Cl (g) > Na*Cl (s) 
AMuntice fl” = 411.3 + 107.8 + 121.3 + 495.4 — 348.8 kJ mol = 787.0 kJ mol™ 


lattice 
The applications of Born—Haber cycle are: 


1. It is used to calculate of lattice enthalpies, electron gain enthalpies and ionization enthalpies of ionic compounds. 
2. It helps in understanding the thermodynamic stability of molecules. 


Properties of lonic Compounds 


The compounds resulting from the non-directional ionic bond, namely, ionic compounds are characterized by the fol- 
lowing properties: 


1. Allionic compounds adopt a three-dimensional structure in which the ions are close to various oppositely charged 
ions, that is, they are highly crystalline solids. 


2. They are thermally stable and have high density, high melting and boiling points due to stronger electrostatic force 
of attraction between oppositely charged ions. 


3. They are hard and brittle. 
4. Being highly polar, they are soluble in polar solvents. 


5. They have low electrical conductivity as solids but are good conductors in molten state or in aqueous solution due 
to availability of free ions. 


Solved Example | 6-21 | 


Calculate the lattice enthalpy of calcium oxide from the 
following data: 

Avamtt (Ca) = 178 kJ mol”; ApH = 590 kJ mol’; 
Aw, H = 1150 kJ mol’; A,,,,4(O,) = 249 kJ mol"; 
en, H°(O) =-141 kJ mol"; Ay, H°(O) = 844 kJ mol"; 
A, H°(CaO) = -635 kJ mol”. 


Solution 


From the Born—Haber cycle, we have 
AH? + MinticeLd? = Agtomtl (Ca) + (ZA, 1°) 


atom 


+A... H° 


atom 


lattice 


Substituting values, we get 


re = i = Bepgit” (Ca) of (2A, H° ) + A 
+(ZA,,H°)-A,H° 
= 178+ (590+ 1150) + 249 + (—141) + 844 — (-635) 


= 3505 kJ mol” 


H*(O) 


atom 
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Solved Example 


Consider an ionic compound MX, where M is a metal (c) Which step corresponds to A,H°? 
that forms a cation of +2 charge, and X is a non-metal (q) Use the following energy values to calculate the lattice 


that forms an anion of —1 charge. A Born—Haber cycle for enthalpy (in kJ mol") for MX,. A,,, H° =296 kJ mol"; 
MX, is shown in Fig. 6.21. Each step in this cycle has been A, H° =—421 kJ mol'; A, H = 378 kJ mol"; A, H = 
assigned a number (A —-G). 555 kJ mol; A,,.H° — 310 kJ molt: A,,H° = 
M (s) + Xp (9) —427 kJ mol". 
Cc F A Solution 
v v : 
M (g) 2X (g) (a) Steps C, D, E and F are endothermic. 
(b) Step C corresponds to A,,,,H°. 
D MX (5) (c) Step A corresponds to AH?. 
M (g) é (d) From the Born—Haber cycle, we have 
4 A,H° =A,,,H° + Ape H® +A H° + Agi. 
7 + 2(Az aH”) — Aigttice 2° 
v v 
M2+ (g) 5 2X" (g) —421 = 296+ 378+ 555+ 310+ 2(-427) 
—(-421) — Avtice fT” 
Figure 6.21 42) Arai 


Solving, we get A,,nice° = 1106 kJ mol” 


lattice 


(a) Identify the steps that are endothermic. 
(b) Which step corresponds to A,,,,H°? 


sub 


Concept of Electronegativity and Fajans’ Rules 


The degree to which a covalent bond is polar depends on the difference in the abilities of the bonded atoms to attract 
electrons. The greater the difference, the more polar the bond, and the more the electron density is shifted toward the 
atom that attracts electrons more. The term that we use to describe the attraction an atom has for the electrons in a 
bond is called electronegativity. 

In 1931, Pauling defined the electronegativity of an atom as the tendency of the atom to attract the shared pair 
of electrons to itself when combined in a compound. The implication of this is that when a covalent bond is formed, 
the electrons used for bonding need not be shared equally by both atoms. When two identical atoms form a covalent 
bond, as in H, or CL, each atom has an equal share of the bonding electron pair. The electron density at both ends of 
the bond is the same, because the electrons are equally attracted to both nuclei. If electrons are shared equally, the 
bond is known as a non-polar bond. 

However, when different kinds of atoms combine, as in HCI, one nucleus usually attracts the electrons in the bond 
more strongly than the other. The result of unequal attractions for the bonding electrons is an unbalanced distribution 
of electron density within the bond, thus causing the one atom to have slightly postive charge and the other to have 
slightly negative charge. These charges are less than full 1+ and 1— charges and are called partial charges, which are 
usually indicated by the lowercase Greek letter delta, 6. Partial charges can also be indicated on Lewis structures. This 
is known as polarization of a covalent bond. For example, consider HCl molecule 

In the extreme case where the bonding electrons are around one atom all the time, the bond is ionic. Pauling and 
others have attempted to relate the electronegativity difference between two atoms to the amount of ionic character in 
the bond between them. If two atoms have similar electronegativities, that is, a similar tendency to attract electrons, the 
bond formed between them will be predominantly covalent. Conversely, a large difference in electronegativity leads to 
formation of a bond with a high degree of polar character, that is, a predominantly ionic bond. 


Cot Ey :F:F: 
Bonding pair held Bonding pair 
exclusively by flourine shared equally 
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Note: It is important to note that electronegativity is distinct from electron gain enthalpy. The former is a tendency 
of an atom to attract a shared pair of electrons in a molecule, whereas the latter is a property of an isolated atom 
and is measure of tendency of an atom to gain an electron. 


Measurement of Electronegativity Values 
1. Pauling’s scale: Pauling pointed out that since reactions of the type: 
A, +B, >2AB 


are almost always exothermic, the bond formed between the two atoms A and B must be stronger than the aver- 
age of the single bond energies of A 
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(1+ E) Pe (I+ E) 
(2x 2.8 x 96.48) 540.3 


This method has a simple theoretical basis, and also has the advantage that different values can be obtained 
for different oxidation states of the same element. It suffers from the limitation that only a few electron gain 
enthalpies are known. It is more usual to use the approach based on bond energies. 


Solved Example | 6-23 | 


Calculate the electronegativity of fluorine on Pauling and 
Muliken’s scales, given that the bond energies of H 
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Applications of Fajans’ Rule 


1. The compound with higher covalent character will have a lower melting and boiling point. For example, BeCl, 
(m.p. = 450°C) and CaCl, (m.p. = 782°C). 

2. Greater the covalent character, lower is its solubility in polar solvents. For example, AgF > AgCl > AgBr > AgI. 

3. Greater the covalent character, thermal stability decreases. For example, BeCO, < MgCO, < CaCO, < BaCO,. 


Polarity of Bonds and Dipole Moment 


By studying electronegativity values and their differences we find that there is no sharp dividing line between ionic and 
covalent bonding. Ionic bonding and non-polar covalent bonding simply represent the two extremes. A bond is mostly 
ionic when the difference in electronegativity between two atoms is very large; the more electronegative atom acquires 
essentially complete control of the bonding electrons. The description of nature of bond between two species as com- 
pletely ionic or covalent is an ideal case scenario. In reality, all bonds have some covalent or ionic character in them. 

When two atoms compete for a pair of electrons in a bond, there are three possibilities for the pair of electrons, 
depending on difference in electronegativity of the two atoms: 


1. If the difference in electronegativity is 1.8 or greater on the Pauling scale, it indicates that one atom has gained 
complete control of the pair of electrons and the bond is most likely ionic (e.g., NaCl). 


2. Both atoms share the electrons equally (an electronegativity difference between the two atoms of zero or near 
zero), forming a non-polar bond (e.g., Cl,). 


3. The two atoms share electrons unequally (an electronegativity difference of less than 1.8), forming a polar bond. 
This is intermediate between purely ionic and equal sharing (e.g., HCl). 


4. The noble gases are assigned electronegativities of zero (e.g., Ar). 


= 
Oo 
oO 


There is a significant difference in electronegativity between H and Cl 


me} 
(0.9), indicating a polar bond, but not so much as to indicate an ionic 2 8 
bond. On the other hand, the difference in electronegativity between 2 @ 
carbon (2.5) and hydrogen (2.1) is relatively small (0.4), so the bond is oo 50 
considered essentially non-polar. 55 | 
om) I 
5 fe | 
lonic Character in a Bond ar | 
°9 05 10 #15 20 25 3.0 


The degree to which the bond is polar, which is the amount of ionic 
character of the bond, varies in a continuous way with changes in the 
electronegativity difference (Fig. 6.22). The bond becomes more than 
50% ionic when the electronegativity difference exceeds approxi- Figure 6.22 Variation in the percentage 
mately 1.7, which means that the atoms in the bond carry a partial ionic character of a bond with 
charge of approximately +0.5 units. electronegativity difference. 

The percentage of polar character of a covalent bond can be calculated based on the difference in electronegativ- 
ity of the two bonded atoms (7, — 7,) using the two empirical relations: 


Electronegativity difference 
between atoms 


1. Pauling equation which states percentage of ionic character = 18(7, — %,)'* 
2. Hanney and Smith equation which states percentage of ionic character = 16(7, — %¥,)+3-5(%¥p-—Xa) 


Solved Example | 6-25 | 


Use Hanney and Smith equation to calculate the percentage 16(Xr — Xu) +3.5(Xe — Xu)’ = 16(3—2)+3.5(3-2)° 
ionic character in (a) H-F; (b) H—Cl and (c) Si-H. The elec- = 164+3.5=19.5% 
tronegativities of H, EK Cland Si are, respectively,2,3,4and 1.8. (b) For H-Cl, the percentage ionic character 


16(Xa ~ Xu) + 3.5(Xa ~ Xuy = 16(4 = 2) F 3.5(4- ay 
=32+14=46% 
(c) For Si-H, the percentage ionic character 
16(Xu~Xsi)+3.5(Xu 7 Asi)’ = 16(2 -1.8) +3.5(2-1.8)° 
=3.2+0.14=3.34% 


Solution 


(a) For H-E the percentage ionic character 
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Solved Example | 6-26 | 


How does bond polarity affect the percentage of ionic 
character of the bond and the bond length? Explain. 
Determine the percentage of ionic character of H 
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+6 -6 a 
H—-Cl H—Cl 
Partial charges Dipole moment 


For molecules that contain more than two atoms (polyatomic molecules), however, we have to consider the combined 
effects of all the bonds. Bond dipoles can be treated as vectors, and the polarity of a molecule is predicted by taking 
the vector sum of the bond dipoles. Sometimes, when all the atoms attached to the central atom are the same, the 
effects of the individual polar bonds cancel and the molecule as a whole is non-polar. Some examples are shown in 


Y y 
e@@Q@.e Qn. e- 
ee e 


COs BCl, CCl, 


Figure 6.23 In symmetric molecules such as these, the bond dipoles cancel to give non-polar molecules. 


The CO, molecule is symmetric. Both bonds are identical, so each bond dipole is of the same magnitude. Because CO, 
is a linear molecule, these bond dipoles point in opposite directions and work against each other. The net result is that 
their effects cancel, and CO, is non-polar. The same thing also happens in BCI, and CCl,. In case of BF,, the resultant 
dipole of two B 
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Note: Not every structure that contains lone pairs on the central ee .® eo, 
atom produces polar molecules. The following are two exceptions i. Tes. ‘ : 
(Fig. 6.26). — Le ah Nonet B.7® 
In the first case, we have a pair of bond dipoles arranged linearly, pairs.’ POE e- “=@ 
just as they are in CO,. In the second, the bonded atoms lie at the —~g ee 


corners of a square, which can be viewed as two linear sets of bond 

dipoles. If the atoms attached to the central atom are the same, can- Figure 6.26 Exceptions having no 
cellation of bond dipoles is bound to occur and produce non-polar dipole moment. 

molecules. This means that molecules such as linear XeF, and square 

planar XeF, are non-polar. 


The contribution of the lone pair moment to the dipole moment of the molecule can be understood with the help of 
following examples. 


Example 1: The dipole moment of F,O is much lower than the dipole moment H,O, though there is very small differ- 
ence in electronegativity values of O-H and O-F bonds. In case of H,O, the net dipole moment (Uy,6= Upp + He) iS 


much higher than the net dipole moment in F,O (Up 5 = Ugg — Mp). Here Ugg is the resultant vector of dipole moment 
of the bond pair and pp, is the resultant vector of dipole moment of lone pair. 


Nala” | Naio-7 


HF50 =0.3D HH90 = 1.84D 


Example 2: The net dipole moment of NH, is much higher compared to that of NF,, though there is very small differ- 
ence in the electronegativity values of N-H and N-F bonds. In this case also the net dipole moment of NH; (Uyy= 
Upp + Me.) is much higher than the net dipole moment in NF; (Lyp, = Mp — Hr): 


gh oh 
foes on 
ion eee 


(unt = 1-5 D) (Line = 0.2 D) 


Example 3: The net dipole moment in case of SO, molecule is in the upward direction due to the presence of lone pair 


on sulphur. 
cL“ Su 


Example 4: The net dipole moments of the cis-and trans-isomers of NF, are almost equal to zero due to the presence 
of lone pairs on each nitrogen atom. 
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Ucig = 0.16 D (approx 0 D) 


bar 


VY 


Htrans = 9 


Some special observations related to dipole moment are listed as follows: 


Observation: 
Explanation: 


Observation: 
Explanation: 


Observation: 
Explanation: 


Observation: 
Explanation: 


Observation: 
Explanation: 


Observation: 
Explanation: 


The values of dipole moment of o-nitroaniline and p-nitroaniline are exceptionally high as compared to 
the expected values. 

This observation can be explained on the basis of +R effect of -NH, group and —R effect of -NO, 
coupled together that enhance the overall dipole moment values. 

The dipole moment of Ph—F is less than that of Ph—Cl. 

This is due more effective mesomeric effect in case of F (2p”-2pz bonding) as compared to Cl 
(3px — 2px bonding). 

Ozone molecule is polar. 

O, is polar due to the dipole moment of the lone pairs as a result of which the resultant lone pair 
moment is not zero. 


O 
i 7 No. 


The net dipole moments of pyrrole and furan lie in the opposite directions. 
This can be explained on the basis of greater — I effect of O atom as compared to that of N atom. The 
mesomeric effect is almost the same as both show 2pz-2pz bonding. 


u=1.8D u=0.7D. 


Hydroquinone (1,4- benzenediol) shows net dipole moment of 1.64 D. 

1,4-Benzenediol is expected to show zero dipole moment because of its symmetric structure. However, 
the net dipole moment is observed due to the presence of lone pair on oxygen atoms which are not 
involved in resonance with the benzene ring. 


CO molecule has very low dipole moment of 0.112 D. 
The net dipole moment of CO is determined by the following contributing factors: 


(i) The lone pair moments due to the presence on lone pairs on oxygen and carbon cancel each other. 


<< —+ :CO: +> 


(ii) The resultant bond dipole moment in :c — 0: is in the direction Co. 


: : oo eee ; damp 
(iii) The dative bond dipole moment in :C =O: opposes the bond dipole moment and reverses the direction from 
oxygen atom to carbon atom. 


The net effect of the above factors is that the overall dipole moment is very less. 


Observation: 
Explanation: 


The dipole moment of (Et,S),PtCl, is 2.4 D while (Et,P),PtCl, has zero dipole moment. 
Consider the following structures for the given molecules. 
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EtsP: Cl —=s Cl 
bs Pt A : Pt~ 
% while Et 
cl PEt, a“ ‘sz 
u=0 


The lone pairs on S atoms are not involved in dative bonding are oriented in a manner that their individual lone pair 
moments are not cancelled out. 


Applications of Dipole Moment 


1. Determining the extent of polar character in a covalent bond: Greater the magnitude of dipole moment, greater 
will be the polarity of the bond. 


2. Calculating the percentage ionic character of the bond: This can be determined from the ratio of the expected 
dipole moment if the compound were 100% ionic (,,,;.= charge x bond length) and the observed dipole moment 
(Hotserved)* 

3. Predicting the shape of molecules and their symmetry: In molecules containing three or more atoms with two or 
more polar bonds, if the dipole moment is zero, it implies that the shape of the molecule is not symmetrical. If the 
molecule contains similar atoms linked to the central atom with polar bonds and the net dipole moment is zero, it 
implies that the shape of the molecule is symmetrical. 


4. Distinguishing between cis and trans isomers: The isomers can be identified as cis or trans based on the fact that 
cis isomers have higher dipole moment that trans isomers. 


5. Identifying the position of the substituent in substituted aromatic rings: The substituent present in an aromatic 
ring can be identified to be at ortho, meta and para positions, based on the fact that dipole moment of para isomer 
is zero and that of ortho isomer is greater than that of meta isomer. 


Solved Example | 6-27 | 


The HF molecule has a dipole moment of 1.83 D and a _ 6.11x 10°C pr 
bond length of 91.7 pm. What is the amount of charge, in q 91.7x10°? pr 
electronic charge units, on either end of the bond? 


= 6.66 10°C 


The amount of charge on an electron (i.e., an electronic 
charge unit) equals 1.602 x 10°” C, which we can express 
as 


Solution 


1e=1.602x10"C 


The value of q in electronic charge units is therefore 


We use the expression g = # to solve for q. The debye 
r 


unit, D, equals 3.34 x 10° C m, so the dipole moment of 
HF is 


= 1.83x(3.34x10-°C m) = 6.11x10"Cm a6 bok 10"[ le 


1.602 x 10 ene 


The S.I. prefix p (pico) means x 10”, so the bond length r= 

91.7 x 10° m. Substituting in the equation above As in HCl, the hydrogen carries the positive charge, so 

gives the charge on the hydrogen end of the molecule is +0.416e 
and the charge on the fluorine end is —0.416e. 


Solved Example | 6-28 | 


The dipole moment of KCl is 3.336 x 10° C m. The opposite charges of the fundamental unit located at each 
interatomic distance K* and CI ion in KCl is 260 pm. nucleus. Calculate the percentage ionic character of KCL. 
Calculate the dipole moments of KCl, if there were 
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Solution 


From the given data, and q = 1.602 x 10°°C 
r= 260 pm = 260 x 10°’ m=2.6 x 10°" m 
Magnitude of dipole moment for 100% ionic character 
|ul = gr = (1.602 x 107”) (2.6 x 107°) =4.165 x 10 Cm 


6.12 | Resonance Structures 


Actual dipole moment = 3.336 x 10°? Cm 


3.336 x10 


4.165x10~ 
= 80.1% 


Therefore, % of ionic bond = x 100 


The bond is 80.1% ionic. 


Solved Example | 6-29 


Methanoic acid, HCOOH, has one carbon-oxygen bond 
of length 123 pm, and another of 136 pm. Which bond has 
which length? 


Solution 


The structure of molecule is 


6.12 | RESONANCE STRUCTURES 


The double bonded carbon oxygen bond is shorter than 
the other. A double bond between two atoms is always 
stronger and shorter than a single bond between the same 
atoms and HCOO™ have same bond length. 


Two equivalent Lewis structures can be written for sulphur dioxide, as shown in 
Fig. 6.27 The only difference between the two structures is the identity of the oxy- 
gen atom to which the double bond is formed. As a result, they must be equally 
satisfactory representations of the molecule. This raises an important question: 


Which of the Lewis structures for SO, is correct? 


Interestingly, neither of the structures is correct. The two Lewis structures sug- 
gest that one of the sulphur—oxygen bond lengths is shorter than the other. Every 
experiment that is done to probe the structure of this molecule, however, suggests 
that the two sulphur—oxygen bonds have identical bond lengths. Moreover, the actual bond length is between that of 
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meaning that all three bonds are identical and just as likely to contain the extra electrons. Experiments also tell us 
that the lengths of the three identical bonds are somewhere between those expected for a single and a double bond. 

One Lewis representation of the CO; ion does not convey this information, but three resonance structures (con- 
nected by double-headed arrows) illustrate that all three bonds are just as likely to be a double bond. The actual struc- 
ture of the molecule can be viewed as a resonance hybrid, or average, of the three structures. 


; ape a ee [ 3o8. 
| | | 
ies: ae Pe 
x So] ke ol ler 


position in the structures. 


Note: It is important to distinguish between resonance structures and isomers, such as dimethyl] ether and ethanol. 
Isomers have the same chemical formula but different arrangements of the atoms. Resonance structures have the 
same arrangement of atoms but a different arrangement of electrons, leading to multiple bonds in more than one 


Some important points about resonance structures 


1. Resonance is exhibited only in molecules whose atoms are in one plane. 


2. The resonance hybrid structure averages the bond characteristics of various resonance structures. 


3. The canonical structures have no real existence but only help visualize the possible resonance structures. 


4. There is no equilibrium between the canonical structures and the molecule does not exist as any of these struc- 


tures at any interval of time. 


5. All the canonical structures must have the same number of unpaired electrons. 


Solved Example | 6-30 


Which sets are pairs of acceptable resonance contributing 
structures? 


:0: :0: 
| | 
(a) CH3— C— CH; € > CH; C CH; 
:O—H 


:0: 
I 


(b) CH3— C= CH; —> CH,= C— CH; 


Solution 


(a) A pair of resonance contributing structures. They dif- 
fer only in the distribution of valence electrons. 


(b) Not a pair of resonance contributing structures. They 
differ in the arrangement of their atoms. Oxygen is 
bonded to a hydrogen atom in the Lewis structure 
on the right, but the other structure contains no such 
bond. 


Solved Example | 6-31 | 


Acetic acid dissociates to some extent in water to give 
the acetate ion, CH,COO’. Write two alternative Lewis 
structures for the acetate ion. 


Solution 


We can start by noting that the acetate ion contains 
two carbon atoms (Group 14), three hydrogen atoms 
(Group 1), and two oxygen atoms (Group 16). It also 


carries a negative charge, which means that CH,COO™ 
contains a total of 24 valence electrons. 


CH,COO™ 2(4)+3(1)+2(6)+1=24 


The skeleton structure contains six covalent bonds, which 
leaves 12 non-bonding electrons. Unfortunately, it takes 
all 12 non-bonding electrons to satisfy the octets of the 
oxygen atoms, which leaves no non-bonding electron for 
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the carbon atom on the right in the following attempt at 
the Lewis structure of this molecule. 


H - 
| /Q: 
H— C —C . 
| SOs 
H 


Because there are not enough electrons to satisfy the 
octets of the atoms, we assume that there is at least one 
C 


https://telegram.me/unacademyplusdiscounts 


Telegram @unacademyplusdiscounts 


Chapter 6 | Chemical Bonding 


This results in electrostatic force of attraction that is represented as 

6- d+ 6- d+ 6- 6+ 

N—H---- N—H----N—H 
The extent of hydrogen bonding depends on the physical state of the compound. It is the 
maximum in case of solids and minimum in the gaseous state. Hydrogen bonding can strongly 
influence the structure and properties of the compounds. 

For example, the hydrogen atom in each water molecule is hydrogen bonded (dashed line) 
to the oxygen in four other water molecules as shown in Fig. 6.28. 

A normal covalent bond length is 96 pm, while the hydrogen bond length is 197 pm. As 
the bond lengths indicate the bond strength, it can be seen that hydrogen bond is much weaker 
than the covalent and the ionic bonds. However, hydrogen bond energy is stronger than most 
other intermolecular forces and is in the range of 1-5 kcal mol". This energy is smaller than 
covalent bond energy (~50-100 kcal mol"), but greater than thermal energy (0.6 kcal mol’ at 
the room temperature). 


H_ , _H 

197 pm 

H 

| 96 pm 

0. 

ae Sy 

4H Be oot 
O oH or 
| | | 
HO H 

™H 
Figure 6.28 


Hydrogen bonding 
in water molecule. 


In any species when hydrogen is bonded to a highly electronegative atom like F, O,N, then the bond is highly polar 
where H acquires a partial positive charge, while the electronegative atom acquires a partial negative charge, that is, 


xX* > H*. 


If a number of such species are brought nearer to each other, the positive end of one attracts the negative end of 


the other, developing a weak electrostatic attraction by hydrogen bonding. 


X----H** Xo ares 2 ee aX ame) | 


There are two types of hydrogen bonds, namely, intermolecular and intramolecular. 


1. Intermolecular hydrogen bond: When the hydrogen bonding occurs between an H atom of one molecule and an 
electronegative atom of a second molecule, it is called intermolecular hydrogen bond. This type of intermolecular 
hydrogen bond exists between the molecules of hydrogen fluoride, alcohol, water, ammonia, etc. 

An intermolecular hydrogen bond results in the association of many molecules as a group. Effect of this inter- 
molecular hydrogen bonding is reflected in many properties of the compounds such as increase in the melting 
point, boiling point, viscosity, surface tension, solubility, etc. 


&- 
F F 
aN ek 
oH 120° H 120° H. 120° H. yi 
VOY oe a 
K F “F 
H H H 
| | | 
----O —H----O —H----O —H 
H- & F&F & & 
H—F---H > H—O----H > H—F---H 
10 kcal mol"! 7 kcal mol! 2 kcal mol! 


2. Intramolecular hydrogen bond: In this type, the hydrogen bond is formed between hydrogen and an electronega- 
tive atom (F, O, N), within the same molecule. An intramolecular hydrogen bond results in the chelation or ring 
formation of the molecules and prevents their association. Hence, this does not affect much the physical properties 
of the compounds. For example, intramolecular hydrogen bonds are present in molecules such as o-chlorophenol, 
salicylaldehyde, o-nitrobenzoic acid, etc. 


ot 
O—H o—-H 
\ é- ee 
. oe) 7 we 
=0 
| 
O 
o-Nitrophenol o-Salicyclic acid 
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Consequences of Hydrogen Bonding 


Hydrogen bonding has pronounced effects on many physical properties of compounds. 


Physical State 


Intermolecular hydrogen bonding causes two or more molecules of a compound to exist as associated or grouped mol- 
ecules. This results in an increase in the size as well as the molecular mass of the compound which in turn is reflected 
in the physical state of the substance. For example, although both oxygen and sulphur belong to the same group, H,O 
is a liquid at ordinary temperature, while H,S is a gas. This is explained as follows: 

In water, since oxygen (E.N. =3.5) is highly electronegative, it forms intermolecular hydrogen bonds which results 
in many water molecules getting associated and hence result in an increase in the molecular mass. Consequently, water 
exists as liquid at room temperature. On the other hand, the difference in electronegativity of H (E.N. = 2.1) and S 
(E.N. = 2.5) atoms in H,S is less and there is negligible hydrogen bonding in H,S. Hence H,S molecules are not associ- 
ated and therefore H,S exists as a gas at room temperature. By a similar reasoning, the existence of HF as a liquid and 
HCl as a gas can be explained. 


F F F 
‘ “% os Zs 
H H H H H H H 
Pe ed ned N\A 
F F F F 
Hydrogen fluoride 


Melting and Boiling Points 


The compounds containing hydrogen bonds have higher melting and boiling points. Due to intermolecular hydrogen 
bonding and a consequent association of molecules, larger energy is required to separate these molecules before they 
can melt or boil. Hence there is an elevation in the melting and boiling points of these compounds. 

For example, the melting and boiling points of the hydrides of Group 14, namely, CH,, SiH,, GeH, and SnH, 
increase with increasing molecular weights. However, in the case of the hydrides of elements of Groups 15, 16 
and 17, the melting and boiling points of H,O, NH, and HF are exceptionally higher than the hydrides of other 
members of their groups due to the presence of intermolecular hydrogen bonding. This order of melting and boiling 
points is shown as follows: 


Group 14: CH, < SiH, < GeH, < SnH, Group 15: NH, > PH, < AsH, < SbH, 
Group 16: H,O > HLS < H,Se < H,Te Group 17: HF > HCl < HBr < HI 


Solubility 


Hydrogen bonding also influences the solubility of substances in certain solvents. Covalent compounds, for instance, 
do not generally dissolve in water; however, those that can form a hydrogen bond with water readily dissolve in it. 
For example, alcohols like ethanol, ammonia, amines, lower aldehydes and ketones are soluble in water due to the 
formation of hydrogen bonds between the electronegative atom in these molecules with hydrogen atom of water 
molecules. 


Anomalous Behavior of Water 
The anamalous properties of water explained on the basis of hydrogen bonding: 


1. Generally, density of the solid form of a compound is greater than its liquid form; and density of liquids decreases 
on heating. However, in case of water, the density of ice is less than that of water because of which ice always floats 
over water and the density of water increases from 0°C, reaches a maximum at 4°C and then decreases. 

This is because the water molecules are associated in groups due to intermolecular hydrogen bonding as 
shown in Fig. 6.29. In the solid state, the tetrahedral arrangement of H,O molecules extends in three dimensions. 
Furthermore, the packing of molecules of H,O is not very close due to hydrogen bond length being longer than 
covalent bond length between O and H. Hence in the open-cage-like crystal structure of ice, vacant spaces exist, 
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resulting in a larger volume for the given mass of water in the solid nh 
state (ice). Thus, the density of ice is less than water. O 
2. On increasing temperature, when ice melts, the open-cage structure / fi; . 
collapses due to partial breaking of the hydrogen bonds. The H,O mol- Za" \ 
ecules come closer, and also fill the vacant spaces in the open-cage struc- L “ a a, oer 
ture. This results in decrease of volume; hence, the density increases on ee i te 
heating above the melting point of ice and becomes maximum at 4°C. H PA ee ee ey 
Pa ool \ Piss = - H 
ae 7 ee 
Applications of Hydrogen Bond ne , — 
~ \ - 
Despite their low bond energy, hydrogen bonds are of great significance MY a ‘a 
both in biochemical systems and in normal chemistry. Some important 
applications are listed as follows: ff \, 


1. Hydrogen bonds are extremely important because they are respon- 
sible for linking polypeptide chains in proteins, and for linking pairs 
of bases in large nucleic acid-containing molecules. The hydrogen 
bonds maintain these large molecules in specific molecular configu- 
rations, which is important in the operation of genes and enzymes. 


Figure 6.29 Tetrahedral arrangement of 
associated water molecules in ice. 


2. They are responsible for water being liquid at room temperature; but for this, life as we know it would not exist. 


3. Since hydrogen bonds have low bond energy, they also have low activation energy, and this results in their playing 
an important part in many reactions at normal temperatures. 


4, Intramolecular hydrogen bonds play an important role in maintaining the structure of biological materials, such as 
coiled and folded structures of proteins and the double helix of DNA. The two strands of the double helix in DNA 
are held together by hydrogen bonds between hydrogen atoms of one strand with the lone pairs on the nitrogen 
or oxygen on the other strand. 


Solved Example | 6-34 | 


Arrange the following in the order of decreasing boiling become stronger, thus M 
point. 


(a) NH,,PH,,AsH,,SbH, (b) H,O,H,S,H,Se, H,Te 


Solution 


(a) The order of boiling point is PH, > AsH, > NH, > 
SbH,. As we move down the group, doe to increase 
in atomic size, the van der Waal forces of attraction 


https://telegram.me/unacademyplusdiscounts 


1: 
| 


6.14 | Molecular Orbital Theory 


Solved Example | 6-36 | 


Although electronegativity of N and Cl are same, but N Solution 


stows Lyd ger bond e aad Cine Explain The size of N atom (2s 2p’) is smaller than Cl atom 


(3s° 3p*). This gives rise to more electron density on N 
atom which is responsible for H bonding in addition to 


electronegativity. 
Solved Example | 6-37 | 
Why KHF, exists but KHCL, does not? KHCL, as we know that there is no hydrogen bonding in 
HCl molecule (Cl being bigger in size than H), it cannot 
Solution dissociate into HCI; and thus does not exist. 


In case of KHF,, there is hydrogen bonding in HF which 
dissociate to give HF, ion so, it exists. Whereas in case of 


6.14 | MOLECULAR ORBITAL THEORY 


In the molecular orbital theory, the valence electrons are considered to be associated with all the nuclei in the mol- 
ecule. Thus, the atomic orbitals from different atoms must be combined to produce molecular orbitals. Developed by 
Friedrich Hund and Robert S. Mulliken in 1932, molecular orbital theory takes the view that a molecule is similar to 
an atom in one important respect. Both have energy levels that correspond to various orbitals that can be populated 
by electrons. In atoms, these orbitals are called atomic orbitals; in molecules, they are called molecular orbitals (MOs). 
The molecular orbital theory is based on the following assumptions: 


1. When two atoms approach each other, their atomic orbitals lose their identity and mutually overlap to form new 
orbitals called molecular orbitals. 


2. The molecular orbitals are polycentric and are associated with the nuclei of all the atoms constituting the mol- 
ecule. The electron probability distribution around the group of nuclei constituting the molecule is given by the 
molecular orbitals just as atomic orbitals give probability of finding an electron around the nucleus in an atom. 

3. Only atomic orbitals of about the same energy and same symmetry interact significantly. 

4. The total number of molecular orbitals produced is always equal to the total number of atomic orbitals contrib- 
uted by the atoms that have combined. 

5. When two atomic orbitals overlap, they interact to form two molecular orbitals, in the following two ways: 

(a) When the atomic orbitals overlap in-phase, it leads to an increase in the intensity of the negative charge in the 
region of overlap; the molecular orbital formed has lower potential energy than the separate atomic orbitals 
and is called a bonding molecular orbital. 

(b) When the atomic orbitals overlap out-of-phase, it leads to a decrease in the intensity of the negative charge 
between the nuclei and leads to higher potential energy; molecular orbitals of this type are called antibonding 
molecular orbitals. Electrons in this type of molecular orbital destabilize the bond between atoms. 

(c) The amount of stabilization of the bonding orbital equals the amount of destabilization of the antibonding orbital. 

6. Electrons of the combining atoms are then assigned to these molecular orbitals. Each molecular orbital can 
accommodate a maximum of two electrons of successively higher energy according to Pauli’s exclusion principle 
and Hund’s rule of maximum multiplicity. 


Formation of Molecular Orbitals by Linear Combination of Atomic Orbitals (LCAO) 


One common mathematical approximation to generate molecular orbitals for some small diatomic molecules is called 
the linear combination of atomic orbitals (LCAO) approach. Consider two atoms A and B which have atomic orbitals 
described by the wave functions ¥, and ,,. When the electron clouds of these two atoms overlap as the atoms approach, 


the wave function for the molecule Fae, be reine by a linear fominatigg of the atomic orbitals ¥, and ¥,.. 
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The atomic orbitals ‘¥, and ‘¥, combine to give rise to a pair of molecular orbitals ‘¥, and ¥,. The function Y, 
corresponds to increased electron density in between the nuclei due to in-phase overlap and is, therefore, a bonding 
molecular orbital [Y, =‘¥, + ‘¥,]. It is lower in energy than the original atomic orbitals. The function Y’, corresponds to 
out-of-phase overlap, and hence corresponds to minimized electron density in between the nuclei. This is an antibond- 
ing molecular orbital which is higher in energy [‘¥, = ‘¥, — ‘P,]. 

Suppose the atoms A and B are hydrogen atoms; then the wave functions ‘¥, and ‘Y, describe the 1s atomic orbit- 
als on the two atoms. Two combinations of the wave functions ‘, and ‘P, are possible (Fig. 6.30) where: 


1. the signs of the two wave functions are the same. 
2. the signs of the two wave functions are different. 


Atomic orbitals Molecular orbitals 
-) -) Bonding orbital 
* ————_ 
9g 
s s %, 
Node Antibonding orbital 


9-60" 


u 


Figure 6.30 s-s combinations of atomic orbitals. 


When a pair of atomic orbitals ‘¥, and ‘¥, combine, they give rise to a pair of molecular orbitals ‘¥, and ’,. The 
number of molecular orbitals produced must always be equal to the number of atomic orbitals involved. The function 
‘’, leads to increased electron density in between the nuclei, and is therefore a bonding molecular orbital. It is lower 
in energy than the original atomic orbitals. Conversely, ‘¥,, results in two lobes of opposite sign cancelling and hence 
giving zero electron density in between the nuclei. This is an antibonding molecular orbital which is higher in energy 
as shown in Fig. 6.31 (a). 

The molecular orbital wave functions are designated ¥, and ’,; g stands for gerade (even) and u for ungerade 
(odd), and these refer to the symmetry of the orbital about its center. The energy of the bonding molecular orbital ¥, 
passes through a minimum [Fig. 6.31(a)], and the distance between the atoms at this point corresponds to the internu- 
clear distance between the atoms when they form a bond. 


A Atomic Molecular Atomic 
orbitals orbitals orbitals 
Yu 

> > 

Lo) 

G 0 S Ya Ye 

Deets 

Ww ui Atom A Atom B 

1s orbital 1s orbital 


Distance between atoms 


(a) (b) 


Figure 6.31 (a) Energy of ¥, and , orbitals. (b) Energy levels of s-s atomic and molecular orbitals. 


The energy of the bonding molecular orbital is lower than that of the atomic orbital by an amount A. This is known as 
the stabilization energy. Similarly the energy of the antibonding molecular orbital is increased by A. Atomic orbitals 
may hold up to two electrons (provided that they have opposite spins) and the same applies to molecular orbitals. In 
the case of two hydrogen atoms combining, there are two electrons to be considered: one from the 1s orbital of atom 


A and one from the 1s orbital of ALB OSPR ROP aR atm HER, electrons. both occupy the bonding molecular 
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orbital Y,. This results in a saving energy of 2A, which corresponds to the bond energy. It is only because the system is 
stabilized in this way that a bond is formed [Fig. 6.31(b)]. 

Ans orbital may combine with a p orbital provided that the lobes of the p orbital are pointing along the axis join- 
ing the nuclei. When the overlapping lobes have the same sign, this gives a bonding MO with an increased electron 
density between the nuclei. When the overlapping lobes have opposite signs this gives an antibonding MO with a 
reduced electron density in between the nuclei (Fig. 6.32). 


Atomic Molecular 
orbitals orbitals 


o overlap 
bonding orbital 


o* overlap 
antibonding orbital 


s 


Figure 6.32 s-p combinations of atomic orbitals. 


In the case of p orbitals, there are two different kinds of overlap possible, namely, end-on and side-on. End-on overlapping 
of two p, atomic orbitals along the internuclear axis of the molecule creates o (bonding) and o* (antibonding) molecular 
orbitals. While side-on overlap of p, and p, orbitals creates 7 (bonding) and z* (antibonding) molecular orbitals. 

The o bonds are cylindrically symmetric to rotation about the bonding axis (the x direction) while 2 bonds lack 
cylindrical symmetry and have a node passing through the bonding axis. The o and z bonding and antibonding molec- 
ular orbitals formed from the overlap of two p atomic orbitals are shown in Fig. 6.33. 


Atomic orbitals Molecular orbitals 


bonding orbital 
Px Px 
¥g 
| o* overlap 
©O ©0OoO > antibonding orbital 
Px Px 


Yu 
(a) 
Atomic orbitals Molecular orbitals 
Px Px Yu 
Nodal plane 


N ~ m™* overlap 
8 S —— 4 € Naveliplahs antibonding orbital 
Px Px a) 
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Figure 6.33 p-—p combinations of atomic orbitals giving (a) o bonding and (b) z bonding. 
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The distinguishing characteristics of bonding and antibonding orbitals are summarized in Table 6.11. 


Table 6.11 Distinguishing characteristics of bonding and antibonding orbitals 


Bonding orbitals Antibonding orbitals 

These are formed by in-phase overlap of atomic orbitals These are formed by out-of-phase overlap between atomic 
[See este | orbitals [‘V, — ‘P,]- 

In a bonding MO, there is an increased electron density In an antibonding MO, there is a reduced electron density in 
between the nuclei. between the nuclei. 


The energy of the bonding molecular orbital is lower than that The energy of the antibonding molecular orbital is higher than 
of the atomic orbital from which it is formed. that of the atomic orbital from which it is formed. 


The electrons present in them result in attraction between the The electrons present in them result in repulsion between the 
combining atoms. combining atoms. 


These are represented by oand z. These are represented by o* and 2*. 


Conditions for the Combination of Atomic Orbitals 
In deciding which atomic orbitals may be combined to form molecular orbitals, three rules must be considered: 
1. The atomic orbitals must be roughly of the same energy. This is important when considering overlap between two 
different types of atoms. 


2. The orbitals must overlap one another as much as possible. This implies that the atoms must be close enough for 
effective overlap and that the radial distribution functions of the two atoms must be similar at this distance. 


3. In order to produce bonding and antibonding MOs, either the symmetry of the two atomic orbitals must remain 
unchanged when rotated about the internuclear line, or both atomic orbitals must change symmetry in an identical 
manner. 


Types of Molecular Orbitals 


The molecular orbitals formed from the linear combinations of the atomic orbitals can thus be represented as shown 
in Table 6.12. 


Table 6.12 Atomic and molecular orbitals 


Atomic |1s,+1s, 1s,—I1sy 25, +25, 284-25, 2P.9+2Py5 2Pya—2Pyx 2Pya t+ 2Pys 2Pya—2Pyp 2P:at2P— 2P-a— De 
Orbitals 

Molecular | ols o*ls o2s ons o2p, o*2p, n2p, n*2p, m2p, 7p 
Orbitals 


Energy Level Diagram for Molecular Orbitals 


The diagram showing the relative energy levels of the combining atomic orbitals, the molecular orbitals formed from 
them and the order of filling up of the electrons is called the molecular orbital (MO) diagram. The orbitals of the indi- 
vidual combining atoms are written on either side of the diagram as horizontal lines at heights denoting their relative 
energies. The electrons in each atomic orbital are represented by arrows. The molecular orbitals of the molecule are 
represented in the middle of the diagram. Dashed lines connect the parent atomic orbitals with the molecular orbitals. 

The order of energy of molecular orbitals has been determined mainly from spectroscopic data. In simple homo- 
nuclear diatomic molecules, the order is: 


Did) x u*2px, O*2pz 
als a*s.02.0°25.02p..| % Px E 2 


12 Dy, m*2p, (6.7) 


Increasing energy 
a 
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The bonding 22p, and 2p, MOs have exactly the same energy and are said to be doubly degenerate. In a similar way, 
the antibonding 7*2p, and z*2p,MOs have the same energy and are also doubly degenerate. 

A similar arrangement of MOs exists from o3s to o*3p,, but the energies are known with less certainty. The ener- 
gies of the o2p and 72p MOs are very close together. The order of MOs shown above is correct for oxygen and heavier 
elements; but for the lighter elements boron, carbon and nitrogen the 22p, and 22p, are probably lower than o2p,. 
For these atoms the order is: 


m2 
ols, @ 7 ils, 2s, @ 2s, On Ona) De 
Ss S; S S pee PB, Jo 


ay 


H* 2D, (6.8) 
Increasing energy 
Be 


The molecular orbital diagram representing the order of energy levels for second period diatomic molecules is shown 
in Fig. 6.34. 
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Figure 6.34 Approximate relative energies of molecular orbitals in second period diatomic molecules: (a) O, through 
Ne,; (b) Li, through N,. 


6.15 | CONCEPT OF BOND ORDER, BOND LENGTH AND BOND ENERGY 


The molecular orbitals are filled with the total number of electrons (not just the valence electrons) counted by taking 
the atomic number of both the atoms of the covalent bond. The electrons are filled from the lowest energy orbital in 
the order of increasing energy and orbitals of equal energy are half-filled with parallel spin before they begin to pair 
up. The distribution of electrons in various molecular orbitals is known as electronic configuration of the molecule. 
The electronic configuration provides important information about the stability and nature of bonds in the molecules. 


Stability of the Molecules 


The stability of molecules can be determined by the relative number of electrons in the bonding (N,) and non-bonding 
(N,) molecular orbitals. 


1. The molecule is stable if N, > N,. Since greater number of bonding orbitals are occupied, the bonding is stronger 
and the molecule is more stable. 


2. The molecule is unstable if N,, < N,. Since greater number of antibonding orbitals is occupied, the antibonding 
influence is stronger and the molecule is unstable. 
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Bond order is defined as the number of pairs of electrons shared between two atoms. Molecular orbital theory 
also predicts the bond order and hence the qualitative bond strength between covalently bonded atoms, which is 
given by: 


Bond order = 5(N, -N,) (6.9) 


where N, and N, are the number of electrons in the bonding and antibonding molecular orbitals. Thus, in terms 
of molecular orbitals, bond order can be defined as one half of the difference between the number of electrons present 
in the bonding and the antibonding orbitals. The stability of the molecules can be related to bond order in the follow- 
ing terms: 


1. A positive bond order (N, > N,) implies that the molecule is stable. 


2. A negative (N,,< N,) or zero (N, = N,) value of bond order implies that the molecule is unstable. The value of the 
bond order is indicative of the nature of bond. Integral values 1,2 or 3 correspond to single, double or triple bond. 

3. If two molecules or ions have the same bond order, then the molecule or ion with lower number of electrons in 
the antibonding molecular orbitals (ABMO) is more stable. 


Let us consider the following examples to understand the relation between number of electrons in bonding and 
non-bonding molecular orbitals and nature of bonds in the molecule. For the H, molecule, we have 


Bond order = = =1 


A bond order of 1 corresponds to a single bond. For He, we have 


Bond order = = =0 


A bond order of zero means there is no bond, so the He, molecule is unable to exist. For the He} ion, which is able to 
form, the calculated bond order is 


Bond order = aot =0.5 


Notice that the bond order does not have to be a whole number. In this case, it indicates a bond character equivalent 
to about half a bond. 

Bond length is the distance between the nucleus of atoms involved in bonding. These are aslo known as bond dis- 
tances. The bond order between two atoms in a molecule can also be taken as approximate measure of its bond length. 
The bond length decreases with increase in bond order. 

The amount of energy required to break a bond is called bond dissociation energy or simply bond energy. The 
bond energies of similar bonds having similar bond lengths is also consistent. It is the measure of strength of a bond. 
Higher the bond energy, the bond will be stronger. For shorter bonds such as double and triple bonds, the bond energy 
is high. 

The relation between bond order, bond length and bond energy can be summarized as follows: 


Lower bond order > Longer bond length > Lower bond energy > Weaker bond 


Higher bond order = Shorter bond length = Higher bond energy => Stronger bond 


Magnetic Properties 


The MO theory has been very useful and successful in predicting the magnetic behavior of molecules. In filling up the 
molecular orbitals, if a molecule contains no unpaired electrons then it is diamagnetic and if it contains one or more 
unpaired electrons, then it is paramagnetic. 
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Solved Example | 6-38 | 


On the basis of ground sate electronic configuration arrange 
the following molecules in increasing O-O bond length 
order. KO,, O, and O,[AsF,] (IIT-JEE 2004) 
Solution 
In KO,, the anion is O; with electronic configuration 
ois’ o * 15° 62s’ o *2s° O2p? 2p, = m2p, n*2p. = 
m*2 P, 
N,-N, 10-7 3 
2 2 2 


Bond order = 


The electronic configuration of O, is o1s? o *1s* o2s° 
G*2s op, m2p/ snip, nlp, =n 2p, 


N,-N, 10-6 4_ 
a oO ee 


2 


Bond order = 


In O,[AsF;,], the anion is OF with electronic configuration 
ols’ o* 15" 625? o * 25" o2p: nip. = m2p, n* 2p = 
2 Py 


10-5 5 


Bond order = ——— = —=2.5 
2 2 


Bond length is inversely proportional to bond order. So, 
Bond length order is O; < O, < O;. 


Solved Example | 6-39 | 


Arrange the species O,,O;, OF and O;* in the decreas- 
ing order of bond order and stability and also indicate 
their magnetic properties. 


Solution 


The molecular orbital configuration of O,,O0;,O7 
and O5" are as follows: 


O, =01s’ o *1s" 02s" 0 *2s° G2 p, 2p, 2p, K*2py = 
w* 2p: 


Bond order = we =2 


As the number of unpaired electrons = 2, so the com- 
pound O, is paramagnetic. 


O; =01s’ 0 * 15° 025° #25 o2p- 2p. =12p, f*2p. = 


ely, 


Bond order = “ = 1,5 


As the number of unpaired electron = 1,so the compound 
O> is paramagnetic. 

OF =o ls’,6 7 1s ja 2540 +25", 0 2p) ROD, WLP, A t2p, = 
m* 2p. 


Bond order = —- =1 


The number of unpaired electrons = 0, so the compound 
O> is diamagnetic. 

O03 =a1s’ o *1s’ 02s’ o *2s° 2p, n2p; 2p) * 2p, = 
n*2p! 


Bond order = — =2.5 
The number of unpaired electrons = 1, so the compound 


is paramagnetic. 


6.16 | BONDING IN SOME HOMONUCLEAR DIATOMIC MOLECULES 


1. Hydrogen molecule (H,): The MO diagram for the simplest molecule, H,, is shown in Fig. 6.35. 


The two hydrogen atoms with one electron each in 1s atomic orbitals combine to form o1s (bonding) o*1s 
(antibonding) molecular orbitals; the two electrons fill a single bonding o1s molecular orbital. The energies of the 
separate 1s atomic orbitals are indicated at the left and right; those of the molecular orbitals are shown in the center. 

The configuration of the H, molecule is written as o1s°. As the H, molecule has one electron pair in its bond- 
ing orbital and none in its antibonding orbital, molecular orbital theory predicts that H, has a bond order of 1 
[(1/2) (2-0) = 1] and is diamagnetic as there are no unpaired electrons. 
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Hp H He Hes He 


Figure 6.35 MO diagram of H,. Figure 6.36 MO diagram of He.,,. 


2. Helium molecule (He,): It can be seen from the MO diagram that the configuration of He, is (o1s)’ (o*1s)’; the 
amount of stabilization due to filling of two electrons in the bonding orbital is equal to the amount of destabiliza- 
tion due to the two electrons in the antibonding molecular orbital. Notice that both bonding and antibonding orbit- 
als are filled. In situations such as this, there is a net destabilization because the antibonding MO is raised in energy 
more than the bonding MO is lowered, relative to the orbitals of the separated atoms. This means the total energy of 
He, is larger than that of two separate He atoms, so the “molecule” is unstable and immediately comes apart. There 
is no net stabilization due to bonding so the He, molecule will not exist. The bond order calculation also shows that 
the bond order is zero [(1/2) (2 — 2) =0] for the He, molecule. The MO theory thus gives exactly the same prediction 
for He, as is observed — that helium is a noble gas and does not form covalent compounds (Fig. 6.36). 


Note: In general, the effects of antibonding electrons (those in antibonding MOs) cancel the effects of an equal 
number of bonding electrons, and molecules with equal numbers of bonding and antibonding electrons are 
unstable. If we remove an antibonding electron from He, to give He;, there is a net excess of bonding electrons, 
and the ion should be capable of existence. In fact, the emission spectrum of He} can be observed when an 
electric discharge is passed through a helium-filled tube, which shows that He; is present during the electric 
discharge. However, the ion is not very stable and cannot be isolated. 


3. Lithium molecule (Li,): Each Li atom has two electrons in its inner shell, and one in its outer shell, giving three 
electrons. Thus, there is a total of six electrons in the molecule, and these are arranged in MOs: o1s’, o* 1s”, 02s”. 
The inner shell of filled o1s and o*1s MOs do not contribute to the bonding in much the same way as in He,. They 
are essentially the same as the atomic orbitals from which they were formed, and are sometimes written as: KK, 
o2s*. The bond order of Li, is (1/2) (4-2) = 1. This implies that Li, molecule is stable and the molecules are found 
to exist in the vapor state. However, in the solid it is energetically more favorable for lithium to form a metallic 
structure. Since there is no unpaired electron, the molecule is diamagnetic. 


4. Carbon molecule (C,): A carbon atom has 2 + 4 electrons. A C, molecule would contain a total of 12 electrons, and 
these would be arranged in MOs: 


2 
o 1s’, o *1s", 0257, o *257, | 7 *Ps 
m2p, 
The bond order is (1/2) (8 — 4) = 2. Since the bond order is 2, the molecule should be stable and exist as diamagnetic 
molecule C,. It is important to note here that the two bonds between carbon atoms are both z bonds because of the 
presence of four electrons in two z molecular orbitals. This is different from usual double bonds that are constituted by 
ao and z bond. In fact, carbon exists as a macromolecule in graphite and diamond, since these are an even more stable 
arrangements (where each carbon forms four bonds); hence diamond and graphite are formed in preference to C,. 


5. N, molecule: A nitrogen atom has 2 + 5 = 7 electrons. Thus, the N, molecule contains 14 electrons. These are 
arranged in MOs: 


2 


x 


m2p, 


m2p 


ai.a*t?o2s,0*20,| o2p? 
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Assuming that the inner shell does not participate in bonding, and that the bonding and antibonding 2s levels 
cancel, one o and two z bonding pairs remain, giving a total of three bonds. This is in agreement with the valence 
bond formulation as N=N. 

6. Oxygen molecule (O,): Molecular orbital theory is particularly successful in explaining the electronic structure of 
the oxygen molecule. Experiments show that O, is paramagnetic (it is weakly attracted to a magnet) and that the 
molecule contains two unpaired electrons. In addition, the bond length in O, is about what is expected for an oxy- 
gen—oxygen double bond. Lewis electron pair theory or the valence bond theory, these do not predict unpaired 
electrons or paramagnetism. 


:39-+-G: 9:9: 


Each oxygen atom has 2 + 6 = 8 electrons. Thus, the O, molecule contains a total of 16 electrons. These are 
arranged in MOs: 

2 2 2 2 , | 22p eel Pee, 

o1s°,o *1s°, 02s°,0 *2s°,02p., > ; 

m2p,, | w*2p, 


The antibonding z*2p, and 2*2p, orbitals are singly occupied in accordance with Hund’s rule. Unpaired electrons 
give rise to paramagnetism. Since there are two unpaired electrons with parallel spins, this explains why dioxygen 
is paramagnetic. 

The inner shell does not participate in bonding and the bonding and antibonding 2s orbitals cancel each other. 
A o bond results from the filling of o2p?. Since 2 *2p! is half-filled and, therefore, cancels half the effect of the 
completely filled 22 p? orbital, half of a z bond results. Similarly, another half of a z bond arises from 12p* and 


m*2 Pe giving a total of 1+ ; + : = 2 bonds. The bond order is, thus, 2. Instead of working out the bond order by 


cancelling the effects of filled bonding and antibonding MOs, the bond order may be calculated as half the differ- 
ence between the number of bonding and antibonding electrons. In the case of O, the bond order calculates as 
(10 — 6)/2 = 2, which corresponds to a double bond. 
Applying these rules to the valence electrons of the second period elements gives the MO electron configurations 
shown in Table 6.13. The molecular orbital theory can generally account for the data that are available for these 
molecules. 


Table 6.13 Molecular orbital populations and bond orders for diatomic molecules of the second period’ 


Li, Be, B, G& N, O, Fo Ne, 
Spo so pO IDO Io rn ee Cae 

pip, crap, OO OO OO 00. 00 n*2p,,n*2p, OO OO O® 

aay o2p, O O O On n2p, xp, OD OO OO 
BY n2p,72p, O09 OO OO OOD @O@ Energy o2p, @ @) @ 
o*25 O ® @® ® © ot2s WD ® ® 
o2s WD ® ® @ ® o2s @ ® ® 
Number of bonding electrons 2 2 4 6 8 8 
Number of antibonding 0 2 2 2 2) 8 

electrons 

Bond order il 0 1 2 3 2B 1 0 
Bond enthalpy (kJ mol") 110 - 300 612 953 501 129 - 
Bond length (pm) 267 - 158 124 109 121 144 - 


“Although the order of the energy levels corresponding to the o2p,, and the z bonding MOs become reversed at oxygen, either sequence would 
yield the same result — a triple bond for N,, a double bond for O,, and a single bond for F,,. 


According to Table 6.13, MO theory predicts that molecules of Be, and Ne, should not exist at all because they have 
bond orders of zero. In beryllium vapor and in gaseous neon, no evidence of Be, or Ne, has ever been found. MO 
theory also predicts that diatomic molecules of the other second period elements should exist because they all have 
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bond orders greater than zero. These molecules have, in fact, been observed. Although lithium, boron, and carbon 
are complex solids under ordinary conditions, they can be vaporized. In the vapor, molecules of L1,, B,, and C, can be 
detected. Nitrogen, oxygen and fluorine, as you know, are gaseous elements that exist as N,, O, and F,. 

In Table 6.13, the predicted bond order increases from boron to carbon to nitrogen and then decreases from nitro- 
gen to oxygen to fluorine. As the bond order increases, the net number of bonding electrons increases, so the bonds 
should become stronger and the bond lengths shorter. The experimentally measured bond energies and bond lengths 
given in Table 6.13 agree with these predictions quite nicely. The salient features of valence bon theory and molecular 


orbital theory are compared and contrasted in Table 6.14. 


Table 6.14 Salient features of valence bond theory and molecular orbital theory 


Valence bond theory 


Molecular orbital theory 


Bond formation takes place due to overlap of atomic orbitals. 


Overlap occurs in atomic orbitals of comparable energy and 
symmetry. 


The atomic orbital retain their individual characters to a large 
extent 


The electrons are present in the atomic or hybridized atomic 
orbitals. 


It can explain the directional properties of bonds and the 
shapes of molecules 


It cannot explain parmagnetism of O, molecule. 


It uses concept of resonance to explain nature of bond in some 
molecules. 


It fails to predict and explain existence of He} 


Bond formation takes place due to overlap of molecular 
orbitals formed by overlap of atomic orbitals. 


Overlap to form molecular orbitals occurs in atomic orbitals 
of similar energy and symmetry. 


The atomic orbitals that combine to form molecular orbital 
lose their identity completely. 


The electrons of the molecule are present in the molecular 
orbitals which are filled just as atomic orbitals are filled with 
electrons. 


It can explain the directional properties of bonds and the 
shapes of molecules 


It can explain paramagnetism of O, molecule. 


It does not use concept of resonance. 


It predicts and explains the existence of He; 


6.17 | HETERONUCLEAR DIATOMIC MOLECULES 


The MO theory can also be extended to heteronuclear diatomic molecules, that is, molecules that consist of two dis- 
similar atoms, such as HF, CO, NO, etc. The atomic orbitals of the two different atoms involved in bonding are now at 
different energy levels; the atom with higher electronegativity will have its atomic orbitals at lower energy, making a 
larger contribution to the bonding molecular orbital. The atomic orbital with the higher energy makes a larger contri- 
bution to the antibonding molecular orbital. However, there is no interaction if the energy difference between orbitals 


is greater than 13 eV. 


The electrons of the covalent bond in such molecules are no longer evenly shared between the two atoms, because 
it is energetically favorable for the electron pair to reside closer to one nucleus than to the other. This means that the 
chemical bond is polarized. For example, H®*-F* electron pair is located closer to the F nucleus than to the H nucleus. 

The atomic orbitals in heteronuclear molecules combine together only if all the following conditions are satisfied: 


1. They have the correct symmetry. 
2. There is efficient overlap. 


3. The orbitals are relatively close together in energy. 


Heteronuclear diatomic molecules can have non-bonding orbitals, in addition to bonding and antibonding orbitals. 


Consider the following examples: 


1. HF molecule: The atomic orbital energy levels are: hydrogen 1s (—13.61 eV), fluorine 2s (—40.17 eV) and 2p 
(-18.65 eV). In this case, there is no s-orbital interaction, because energy difference > 13 eV. The orbitals of 1s of 
hydrogen and 2p, of fluorine can overlap to form a o orbital due to compatible symmetry; while 1s, 2p, and 2p, of 
fluorine have no net overlap and are non-bonding. The MO diagram is as shown in Figure 6.37 
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| o* Fs —0" 
ae \ z- 
1s 3 \ @ a \ 
H atom \. \ 25 =.” \ 
‘ \ ‘ \ 
\ \ 
¥ % 
\ \ 
| ) .e@ ce 
\ % 
LY % 
\ Fa 
\ \ @ ee By By 2p, 
¥ \ \ Ps 
A ae 2p Non-bonding pairs oe. 
\ _-~ Fatom located on F 
eo, —@_@ 
HF molecule @ eens e 2s 
rn ce mi Li LiF F 

Figure 6.37 MO diagram of HE Figure 6.38 MO diagram of LiF. 

2. Li-F molecule: The electrons in the Li-F bond are quite Atomic Molecular — Atomic 
close in energy to fluorine’s 2p orbitals. The bonding molecular orbitals orbitals orbitals 
orbital is primarily obtained by the interaction between 2s of ¥ 

eae : : : —O 
lithium and 2p, orbital of fluorine. The electrons in 2p, and 2p, aa an Os 
. : % 5 a 5 fo St Te ae 
orbitals on F that cannot bond with Li remain on F as lone pairs Looe “2py<k AP 
since fluorine is more electronegative than lithium. The electrons ee gee he en 
are more stable with lower energy, when they remain as lone 2Px 2p, 2P2 %, “9 
pairs on fluorine rather than on lithium. So the MO diagram a ee —— 

a = a aa : x 
(Figure 6.38) predicts that the bond should be polarized towards ., o 2px Rigi!) 
fluorine. \ ~@ ee 2a 

: : : : ST ge 2p, 2Pz 2Px 
The construction of correlation diagrams of other hetero- 3 @ @ rat 
nuclear diatomic orbitals follows exactly the same principles es “WePe 
as those employed for LiF. The more electronegative element’s 
orbitals are placed lower on the correlation diagram than those i) _--B 25 
of the more electropositive element. 25 ae a 

3. CO molecule: The MO diagram (Fig. 6.39) for the diatomic 7 .@ 5 
carbon monoxide (CO) shows that it is isoelectronic with Mey @ ae S 
nitrogen (N,) eg 

The heteronuclear diatomic ions such as cyanide ion, CN, © & @ 
and nitrosonium ion, NO’, are also isoelectronic with nitrogen, C CO C 
N,. The only difference in their MO diagrams lies in the relative Figure 6.39 MO diagram of CO. 


energies of the orbitals. 


6.18 | ELEMENTARY IDEA OF METALLIC BONDING 


The theory of covalent bonding cannot be extended to explain the bonding mechanism in metals. This is because the 
individual atoms of a metal do not have enough valence electrons to share and form an octet. Thus, another theory was 
proposed to explain the force of attraction holding the atoms together in a piece of metal which is called the metallic 
bond. The metallic bond can account for most of the physical characteristics of metals such as strength, malleability 
(ability to be hammered into sheets), ductility (ability to be drawn into wires), luster and conductance of heat and 
electricity. 


Electron Sea Model 


In the case of metals, in which the valence electrons are not tightly bound to the nucleus, every atom achieves a more 
stable configuration by sharing the outer shell electrons with the various other atoms in the metal lattice. Quantum 
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mechanically, atomic orbitals on all the atoms overlap to give ® Od @ © ® 
a vast number of molecular orbitals which extend over the 6 ¢ 

whole metal. Hence, the valence electrons become detached ©. @) @ 6) 

from their parent atom and move freely amongst all the atoms @ @ @ @®@ 7 
within the crystal. In other words, the electrons are said to be 3 
delocalized. The metal lattice is held together by the strong ®e 6) ® oe G) 
forces of attraction between the positive nuclei and the delo- 


: a ‘ e aan Individual atoms with Positive nuclei embedded in a 
calized electrons. This is described as “an array of positive ions _asgociated electrons sea of delocalized electrons 
in a sea of electrons” (Fig. 6.40). 

The strength of the metallic bond depends on the number Figure 6.40 Electron sea model. 


of valence electrons contributed by the atoms to the delocal- 

ized electrons and the packing arrangement of the metal atom. More number of delocalized electrons and more 
closely packed atoms result in a stronger bond and a higher melting point. This explains why Group I metals have 
relatively low melting points compared to other metals. Since these metals have only one electron to contribute to 
the delocalized “sea” of electrons, are inefficiently packed and have large atomic radii, the delocalized electrons are 
farther away from the nucleus resulting in a weaker metallic bond. 

The properties of the metals like malleability and ductility can be explained as the ability of the individual atoms 
to “slip” past one another, while being firmly held together by the electrostatic forces exerted by the electrons. As the 
electrons are delocalized over the positive ions and can move freely, metals exhibit good electrical conductivity. Heat 
conduction in metals can also be explained using the same principle — the free electrons can transfer the energy at a 
faster rate than those which are covalently bonded having their electrons fixed in position. 

Metals typically have a shiny, metallic luster because photons of light do not penetrate very far into the surface of 
a metal and are typically reflected, or bounced off from the metallic surface. 


Band Theory or Molecular Orbital Theory 


Molecular orbital theory may be extended to explain bonding in metals and is known as the band theory. Consider 
the example of a piece of sodium metal. Each sodium atom has a single 3s valence electron. When two atoms are 
close together, the atomic orbitals will combine to form two molecular orbitals, 30 and 30*. The two electrons will 
occupy the bonding molecular orbital, while the antibonding orbital will remain empty. Similarly for three sodium 
atoms, three molecular orbitals are formed — bonding, non-bonding and antibonding. When four sodium atoms com- 
bine, we get two 30 orbitals and two 30% orbitals. The quantum mechanical considerations do no permit these orbit- 
als to be degenerate but they are closely placed, being almost similar in energy. The concept can be extended to 
n number of sodium atoms present in a piece of sodium metal. In this multi-atom system, the number of molecular 
orbital states will be equal to the number (7) of the atomic orbitals combining. Since the number of molecular orbitals 
is large, the spacing between them decreases to become almost negligible and we get a “band” of continuous energy 
levels (Fig. 6.41). These molecular orbitals extend in all three dimensions over all the atoms in the metal piece. 


o*3s 3s 3s 3s Antibonding 


3s @ @ 35 @ ® @ @ Non-bonding 


Three sodium 


o3s atomic orbitals Bonding 
Sodium Sodium aaa 
atomic Molecular atomic ane 
orbital orbital orbital 
3s 3s 3s 3s Antibonding 
@® @ Antibonding © Empty 
Four sodium Bonding nsodium Occupied 
atomic orbitals Bonding atomic orbitals 
Molecular 
Molecular : 
orbitals orbital band 


Figure 6.41 MO diagram for 2, 3 and n sodium atoms. 
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The molecular orbital theory can explain most of the physical properties of metals. Since the energy levels are closely 
spaced, a very small amount of energy is required for the electrons to rise from filled orbitals to the unoccupied 
orbitals. The electrons have high degree of mobility and this explains the high electrical and thermal conductivity of 
metals. In presence of an electric field, the mobile electrons, which move in all directions in absence of a field, begin 
to move towards the anode, causing electric current to flow. Similarly when the metal is heated, the mobile electrons 
gain energy and move towards the colder part of the metal, thus transferring heat. The metallic luster arises because 
of absorption of light of any wavelength by metal atoms on the surface and its re-emission. The electrons absorb light, 
move to higher energy levels and then emit the same amount of light to come back to the ground state. The presence 
of a band of energy levels in metals offers infinite number of such possible transitions between energy levels. 

Band theory can also successfully explain the classification of materials into conductors, insulators and semicon- 
ductors. This results from the difference in the gap between the filled/partially filled valence band and the unfilled 
conduction band (Fig. 6.42). 


Conduction band 


Conduction band 


Conduction band 
Large energy gap — Small energy gap 
Valence band | 
Valence band 
Valence band 
(a) (b) (c) 


Figure 6.42 Valence and conduction band in (a) conductors, (b) insulators and (c) semiconductors. 


1. In conductors, there is an overlap of valence and conduction bands; and the electrons from the valence band move 
effortlessly between the two bands. The electrons can thus move easily throughout the solid, making it a good 
conductor. 


2. In insulators, the valence and conduction bands are widely separated and exist as distinct bands. The valence 
orbitals are filled so there is no movement of electrons possible, while the conduction band being empty, there are 
no electrons to move. Also, due to difference in the energy gap, a large amount of energy is required to promote 
the electrons from valence band to conduction band. So effectively there are no mobile charge carriers and hence 
insulators or non-metals do not conduct electricity. 


3. In semiconductors, the valence and conduction bands are so placed that some amount of electrons can be excited 
to the upper vacant conduction band. Only a moderate amount of energy is required to promote electrons from 
the filled valence band to the empty conduction band. Semiconductors thus conduct electricity with some input 
of external energy. Also, since increase in temperature will increase the promotion of electrons to the conduction 
band, the conductivity of semiconductors increases with increase in temperature. Another way of increasing con- 
ductivity of semiconductors is through doping, which is discussed in Chapter 4. 


6.19 | WEAK FORCES 


There are three types of intermolecular forces which are together known as van der 
Waals forces of attraction. These are discussed as follows: € > <> 
1. Dipole-dipole or Keesom forces: These forces arise due to dipolar nature of mol- 


ecules. The opposite ends of the dipole are attracted electrostatically as shown in Figure 6.43 Dipole-dipole 
Fig 6.43. interactions. 
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2. Dipole-induced dipole or Debye forces: These arise when a dipole is 
kept near a non-polar molecule. It can induce a dipole moment in the € > EEG §— o+ 
adjacent no- polar molecules and this induced dipole then interacts with 


the dipole (Fig. 6.44). 


3. Instantaneous dipole-induced dipole interaction or London forces: 
In molecules like X, (X = H, F, O,N, Cl, etc.) which have no permanent 
dipole, the atoms or molecules are attracted towards each other. In such molecules, at a given time, there is an 
instantaneous dipole in one of the molecule which induces dipole in the non-polar molecule. This type of interac- 
tion is illustrated by means of hydrogen molecule as an example, as shown in Figs. 6.45 (a) and (b). 


Figure 6.44 Dipole-induced dipole 
interactions. 


Figure 6.45 Instantaneous dipole-induced dipole interaction in hydrogen atom. (a) Electronic distribution. 
(b) Instantaneous dipole-induced dipole interaction. 


Based on these three types of interactions, the following order on melting and boiling points are observed 


1. L,> Br, > CL <F, 

. He <Ne <Ar< Kr < Xe 

. PbH, > SnH, > GeH, > SiH, > CH, 

. CH, < C,H, < C,H, < .... (Homologous series) 
. HCl < HBr < HI 

. HS < H,Se < H,Te 

. PH, < AsH, < SbH, 

. H,<D,<T, 


TIAN BwWN 


If molecular weight is the same, then molecular surface area is the dominating factor for determining boiling or melt- 
ing point. For example, 


Order of boiling points: n-pentane > iso-pentane > neo-pentane 
Order of melting point: neo-pentane > iso-pentane > n-pentane) 


Repulsive Intermolecular Forces 


When molecules come close, the van der Waal’s attractive forces increase but beyond a point electron and nucleus 
repulsion also increase and so does the repulsive forces. Eventually, there is an equilibrium established between attrac- 
tive and repulsive forces. The repulsive energy is given by 


B 


repulsive ~ 7 
r 


where B is a constant, 7 is of large value and depends upon electronic (+)ve 
configuration. 


Lennard —- Jones Potential 


—_> 
The net energy of interactions is a sum of attractive and repulsive 2 
interactions. Lennerd—Jones proposed a model that combines the 
attractive and repulsive forces. It is given by ane 
-A/r 
B 
Es = FE sicactive + | = Pag r’ (-)ve 


where A and B are constants. The variation of Lennard-Jones poten- Figure 6.46 Plot of Lennard — Jones 
tial with internuclear distance is given in Fig. 6.46. potential vs. internuclear distance. 
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Solved Objective Questions from Previous Year Papers 


6.20 | INTERACTIONS BETWEEN IONS AND COVALENT MOLECULES 


The different types of interactions between ions and covalent molecules are listed as follows. 


1. Ion-dipole interactions: These interactions are responsible for solubility of ionic compounds in polar solvents and 
are depicted in Fig. 6.47 


nis MZ 


-@- ;0 
OF 
Jgr “Or 
Figure 6.47 lon-dipole interactions 


2. lon-induced dipole interactions: When an ion induces a dipole in a non-polar molecule, there is an electrostatic 
interaction between this ion and the induced dipole. The formation of polyhalide ion X; (X = F, Cl, Br, I) is 
explained by these interaction as shown in Fig. 6.48. 


AG = OF 6- 

2X2 XX ——> Xi =e X — X 

lon Non-polar After induction 
molecules 


Figure 6.48 lon-induced dipole interactions in formation of X; 


Note: Stability order for trihalide ions: F; < Cl, < Br, <I; .Since I is the largest ion and has the largest polarizibil- 
ity. Hence, the donating ability of I is the maximum and J; is most stable. 


The interactions between ions and covalent molecules are determined by the inter-nuclear distance (r) and these 
decrease with increase in distance. The energy distance relationship between different types of interactions is given in 
Table 6.15. 


Table 6.15 Energy distance function for different ion-covalent interactions 


Type of interaction Energy-distance function 
Ion-dipole dir? 
Dipole-dipole (Keesom forces) Vr 
Ion-induced dipole 1/r* 
Dipole-induced dipole (Debye forces) 1/r’ 
Instantaneous dipole-induced dipole (London forces) 1/r* 


SOLVED OBJECTIVE QUESTIONS FROM PREVIOUS YEAR PAPERS 


1. According to MO theory, (IIT-JEE 2004) Solution 
(A) O} is paramagnetic and bond order greater than O,. 
(B) O} is paramagnetic and bond order less than O,. 
(C) O} is diamagnetic and bond order less than O,,. O2pn2p. =n2pn*2p- 
(D) O3 is diamagnetic and bond order more than O,. : : 


(A) The configuration of O, is o1s?o *1s*02s* 0 *2s*. 
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Since it contains no unpaired electron, so O, is 
diamagnetic. 


N,-N, 10-6 4_ 


a 


2 2 2 


Bond order = 2 


The configuration of OF is o1s°o *1s°02s’o *2s* 


O2p,n2p, =m2p;,n *2p, 


Since it contains one unpaired electron, so O; are 
paramagnetic. 


N,-N, 10-5 _5_ 


a 


2 2 2 


Bond order = 25 


Hence, bond order of O} is greater than O,. 


2. Among the following, the paramagnetic compound is 


(A) Na,O, (B) O, 
(C) N,O (D) KO,  (IIT-JEE 2007) 
Solution 


(D) In Na,O,, oxygen is present as peroxide, that is, oO; 


Considering molecular orbital theory for peroxide, we 
have 
OF =o01s’ o *1s° 028° 0 *2s° 2p? n2p? = 
n2p. a * 2p. =n *2p° 
We can see that there are no unpaired electrons. 


Considering the structure of O,, there are no unpaired 
electrons 


In N,O, there are no unpaired electrons 
N=N>0O 
N,O=o1s? o *1s* 025° o *25° o2p: m2p. = 


nlp, w*2p, o* 2p, a3" 


In KO,, oxygen is present as O,, that is, superoxide. 
The molecular orbital theory for superoxide ion is 


O; =01s° o *1s* 028° 0 * 28° O2p? m2p? = 
2p, t* 2p. =x * 2p, 


There is one unpaired electron in 2*2p, orbital. 


3. The species having bond order different from that in CO is 


(A) NO- (B) NO* 
(C) CN” (D) N, (IIT-JEE 2007) 
Solution 


(A) NO is a 16 electron system (7 + 8 + 1 = 16) with zero 
bond order whereas the other molecules like CO, NO*, 
CN’ andN, are 14 electron systems with bond order of 3. 
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4. Match each of the diatomic molecules in Column I with its 


property/properties in Column II. (IIT-JEE 2009) 

Column | Column II 

(A) B, (p) Paramagnetic 

(B) N, (q) Undergoes oxidation 

(C) OF (r) Undergoes reduction 

(D) O, (s) Bond order = 2 

(t) Mixing of s and p orbitals 

Solution 


A > (p,r, t); B > (s, t); C > (p,q); D > (p,q,s) 

(A) The electronic configuration B, is o1s? o *1s* 62s° 
o *2s° m2p,=n2p,. Thus, it contains 2 unpaired 
electrons, undergoes reduction and there is mixing of s 
and p orbitals because they are equal in energies. 

(B) The electronic configuration N, is ols? o *1s? 02s 
o *2s° n2p: =22p. o2p2. Thus, the bond order is 
(10 — 4)/2 = 6/2 = 3. There is mixing of s and p orbitals 
because they are equal in energies. 

(C) The electronic configuration O; is o1s* o *1s? o2s° 
6 *2s° op? n2p, =a2p, a*2p,n*2p,. Thus, it 
contains | unpaired electrons and undergoes oxidation. 

(D) The electronic configuration O, is o1s5* o *1s? 625” 
o *2s° op: n2p, =n2p, m*2p,m*2p,. Thus, it 
contains 2 unpaired electrons and undergoes oxidation. 
Therefore, the bond order is (10 — 6)/2 = 4/2 =2. 


5. Using the data provided, calculate the multiple bond 


energy (kJ mol’) of aC 
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Solved Objective Questions from Previous Year Papers 


7. The species having pyramidal shape is 


(A) SO, (B) BrF; 
(C) SiO (D) OSF,  (IIT-JEE 2010) 
Solution 


(D) OSF, has three bond pairs, one lone pair, with hybridi- 
zation sp* and pyramidal geometry. 


8. Based on VSEPR theory, the number of 90° F 
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15. 


16. 


17. 


18. 


Solution 
(B) In sp°d’ hybridization, the geometry is octahedral and 
all the bonds are at 90° to each other. 


The number and type of bonds between two carbon atoms 
in calcium carbide are (AIEEE 2005) 
(A) One sigma, one pi (B) One sigma, two pi 
(C) Two sigma, one pi (D) Two sigma, two pi 


Solution 


(B) CaC, contains one sigma and two pi bonds. 


Ce 
III 
fou 
The molecular shapes of SF,, CF, and XeF, are 


(AIEEE 2005) 

(A) the same with 2, 0 and 1 lone pairs of electrons. 

(B) the same with 1,1 and 1 lone pair of electrons on the 
central atoms, respectively. 

(C) different with 0, 1 and 2 lone pairs of electrons on the 
central atom, respectively. 

(D) different with 1,0 and 2 lone pairs of electrons on the 
central atom, respectively. 


Solution 


(D) The structures are as follows: 


F F .. 
a aS 
. Ss ae es 

ees Fol oF i 

F F 

SF, CF, XeF, 
See-saw Tetrahedral Square planar 
1 lone pair 0 lone pair 2 lone pairs 


Lattice energy of an ionic compound depends upon 
(AIEEE 2005) 
(A) charge on the ion only. (B) size of the ion only. 
(C) packing ofions only. (D) charge on the ion and 
size of the ion. 


Solution 


(D) This is because it involves both the attractive forces 
between ions of opposite charges and the repulsive 
forces between ions of like charges. 


Which one of the following species is diamagnetic in 
nature? (AIEEE 2005) 
(A) He; (B) H, 

(C) FH; (D) Hz 

Solution 


(B) According to MO theory, configuration of H, is 
ols’ o*1s°*. There are no unpaired electrons, so it is 
diamagnetic. 
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19. The bond order in NO is 2.5 whereas that in NO* is 3. 


20. 


21. 


22. 


Which of the following statements is true for these two spe- 
cies? (AIEEE 2004) 
(A) Bond length in NO™ is greater than in NO 

(B) Bond length is unpredictable 

(C) Bond length in NO* in equal to that in NO 

(D) Bond length in NO is greater than in NO” 


Solution 


(D) Bond length in NO is greater than in NO*. As we know 
that the bond order is inversely proportional to the 
bond length. So, greater is the bond order and shorter 
is the bond length. 

The states of hybridization of boron and oxygen atoms in 

boric acid (H,BO,) are, respectively, 

(A) sp? and sp” (B) sp* and sp* 

(C) sp* and sp” (D) sp’ and sp* 

(AIEEE 2004) 


Solution 


(D) Ground state configuration of boron is 
1s*2s'2p! 2p, 
Excited state configuration is 1s* 2s' 2p! 20, 


This means that boron atom undergoes sp’ hybridiza- 
tion and each of these three sp” orbitals overlap with 
2p orbitals of O ion to form three BO’ bonds. 


Which one of the following has the regular tetrahedral 
structure? (AIEEE 2004) 
(A) XeF, (B) [Ni(CN),}> 
(C) BF, (D) SF, 
Solution 
(C) The expression is 

Hybridization = Ae alee) 


2 


where V is the number of valence electrons of the 
metal, M is the number of monovalent atoms attached, 
c is the charge on cation and a is the charge on anion, 
we get 

(3+4-0+1) 8_ 
a ee 
Therefore, the hybridization is sp’. 


Hybridization of BF; = 4 


Which of the following molecules/ions does not contain 
unpaired electrons? (AIEEE 2006) 
(A) OF (B) B, 

(C) Nz (D) O, 

Solution 


(A) The bond order of OF is ols? o *1s? 62s? 6 *25” 
O2p, np, =n2p, n* lp? =a *2p%. 
Hence, there are no unpaired electrons. 
The bond order of B, iso1s* 0 * 1s” 628° o *2s° n2pi= 
m2p,. 
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23. 


24. 


25. 


Hence, there are two unpaired electrons. 

The bond order of N} iso1s*o * 1s? 02s? 0 *2s* m2 p2= 
n2p, O2p.. 

Hence, there is one unpaired electron. 

The bond order of O, is o1s’o *1s°0 2s°o *2s5°0 2p? = 
n2p,n* 2p, =n *2p,. 

Hence, there are two unpaired electrons. 


In which of the following molecules/ions are all the bonds 


not equal? (AIEEE 2006) 
(A) SE, (B) SiF, 

(C) XeF, (D) BF; 

Solution 


(A) S has 6 valence electrons. However, in SF, there are 4 
bonds, so 4 of the valence electrons from S are used in 
bonding. Since 2 of them are not involved in bonding, 
they exist as a lone pair. SF, is based on trigonal bipy- 
ramidal structure. The lone pair present will repel the 
4 bond pairs, thereby distorting the trigonal bipyrami- 
dal shape and leading to non-equal bonds. 


Which of the following species exhibits the diamagnetic 
behavior? 


(A) NO (B) OF 
(C) OF (D) O, (AIEEE 2007) 
Solution 


(B) The electronic configurations are as follows: 

OF =o1s’ o * 1s" 02s? 0 * 28° 2p? n2p? = 
n 2p, &* 2p, =n * 2py 

There is no unpaired electron, so it is diamagnetic. 
O,=ols OF ls o2s o*2s° 2p, 22 p_ = 
Rp, K* 2p, 

There is one unpaired electron, so it is paramagnetic. 
O, =015" o * 1s” 028’ 0 *28° O2p? n2p2 = 
2p, x* 2p, =n * 2p, 


There are two unpaired electrons, so it is paramagnetic. 
NO is isoelectronic with O}, so it also has one unpaired 
electron, and is paramagnetic. 


In which of the following ionization processes, the bond 
order has increased and the magnetic behavior has 


changed? (AIEEE 2007) 
(A) N, >N, (B) C,>C; 

(C) NO>NO* (D) O, > 0; 

Solution 


(C) The electronic configurations are 


C, =o01s* o *1s° 628°o * 25° n2p2 = n2p, 


Ci =o1s’ o *1s° 02s’ o * 2s" 2p) = n2p; 


lo 
(oe) 
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The election has been removed from bonding molecu- 


lar orbital, so the bond order decreases. 
In NO > NO* 


NO =o1s’ o * 1s? 028°o * 2s? 62p? n2p? = 
n2p, m* 2p. =n2p 

NO* =o1s’ o *1s° 02s’ 0 * 2s’ o2p? n2p? = 
n2p;, 


The electron has been removed from antibonding 
orbital, so bond order increases and nature changes 
from paramagnetic to diamagnetic. 


. The charge/size ratio of a cation determines its polarizing 
power. Which one of the following sequences represents 
the increasing order of the polarizing power of the cationic 
species, K*, Ca", Mg and Be*? (AIEEE 2007) 


(A) Ca’* < Mg” < Be* < K* 
(B) Mg” < Be™* <K* <Ca™ 
(C) Be** <K* <Ca** < Mg” 
(D) K* <Ca** < Mg” < Be* 
Solution 


(D) Higher is the charge/size ratio, higher is the polarizing 
power. 


27. Which of the following hydrogen bonds is the strongest? 


(AIEEE 2008) 
(A) O 


https://telegram.me/unacademyplusdiscounts 


Telegram @unacademyplusdiscounts 


Chapter 6 | Chemical Bonding 


The molecular orbital configuration of OF is 
o1s’ o *1s° 62s" 0 *2s" o2p, 2p? =n2p, H* Ip, = 
m* 2p, 
Bond order of OF = (1/2) (10-8) =1. 
The molecular orbital configuration of O;* is 
ols o * 1s? 6287 o * 25° o2p: n2p. = m2p, 

Bond order of O3* = (1/2) (10 — 4) =3. 
The molecular orbital configuration of O} is 

ols? o * 1s? 62s? o * 257 o2p: m2p. =a2p' m*2p. 


Bond order of O} = (1/2) (10-5) =2.5. 


Out of these, O;* has the highest bond order, so the 
lowest bond length as bond length is inversely propor- 
tional to bond order. 


30. The bond dissociation energy of B 
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35. Stability of the species Li,, Li; and Li, increases in the 
order of 
(A) Li; < Li5 < Li, (B) Li, < Li, < Li} 


(C) Li, < Li, < Li; (D) Li, < Li; < Li, 


(JEE Main 2013) 


Solution 


(A) Bond order = ; (bonding electrons — 
antibonding electrons) ; Stability «<B.O. 
Li, (atomic number =6) = o1s°o *1s°0 2s; 


Bond order = _ =1 

Li, (atomic number =6) = 01s°o *1s°0 2s"; 
Bond order = — =0.5 

Li; (atomicnumber=7) = 0 1s*o * 18°60 2s’o *2s'; 


Bond order = = =0.5 


Li, is more stable than Li, because bond order of Li; 


is less than that of Lij. 


Hence, the order is Li; < Li; < Li,. 


36. Which one of the following molecules is expected to exhibit 


diamagnetic behaviour? 


(A) N, (B) O, 
(C) S, (D) C, 
(JEE Main 2013) 

Solution 
(A), (D) 

m2p, 
N, =ols’o * 1s*,025’o * 2s’, 1. 2p, 

1 2p: : 


nip, |\n*2p. 
O, =o1s'o * 15° ,o2s’o "2802p. i, | ae 


n2p. 


N, and C, exhibit diamagnetic behaviour as they do not pos- 
sess unpaired electrons, while O, and S, exhibit paramagnetic 
behaviour due to the presence of all the paired electrons. 


2 2. 
C, =o ls’o *1s?, o2so #25? : se 


37. In which of the following pairs of molecules/ions, both the 


species are not likely to exist? 


(A) H;,He- (B) H3*,He, 
(Cc) H,, Hes (D) H},He> 
(JEE Main 2013) 


38. 


39. 
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Solution 


The bond order of various species 


(A) 
H = [3 -1]=0.5 exist 
. 1 : 
He; ==[2-2]=0 not exist 
(2) 
2+ 1 ql 
Hy = goal =0 not exist 
1 : 
He, = oe -2]=0 not exist 
(C) i 
H; = ae -1]=0.5 — exist 
2+ 1 2 
He;* = a -O]=1 — exist 
(D) 
H, = sli -0]=05 — exist 
» 1 . 
He; = ae —2]=0 not exist 


Bond order of H3‘and He, is zero, thus their existence is 
not possible. 
Which one of the following properties is not shown by NO? 
(A) It is diamagnetic in gaseous state. 
(B) It is a neutral oxide. 
(C) It combines with oxygen to form nitrogen dioxide. 
(D) Its bond order is 2.5. 

(JEE Main 2014) 


Solution 


(A) The MO configuration of NO is 
ols’ o *18°o 2s’ o *28°0 2p? m2p, n2p, m* 2p. 
As can be seen it is an odd electron species and so par- 


amagnetic in gaseous state with one unpaired electron. 
Bond order = (10 — 5)/2 =2.5. 


For which of the following molecule significant u # 0? 
(a) Cl (b) CN 

Cl CN 
(c) OH (d) SH 

OH SH 


(A) Only (a) 
(C) Only (c) 


(B) (a) and (b) 
(D) (c) and (d) 


(JEE Main 2014) 
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Solution 


(D) In (a) and (b), 7 =0 as the dipole moments cancel each 
other. However, in (c) and (d) more than one confor- 
mation is possible, so, the dipole moment is not zero 
in those cases. For example, possible conformations in 
(c) are shown below. 


ee YH oe 
“oe ioe 
Oe, 
Pie 


Similarly for structure (d), two conformations are possible. 
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40. The intermolecular interaction that is dependent on the 
inverse cube of distance between the molecules is: 
(A) ion-dipole interaction (B) London force 
(C) hydrogen bond (D) ion-ion interaction 


(JEE Main 2015) 


Solution 


(C) Hydrogen bond is a special case of dipole-dipole 
interaction, so for stationary polar molecules, 


me 


3 


REVIEW QUESTIONS 


1. In the CO, molecule, where are the non-bonding elec- 
trons? How many electrons are in bonding domains? 

2. Which sets are pairs of resonance contributing structures? 

3. Which of the following molecules have resonance structures? 
(a) HCN (b) SO, (c) PCL, (d) OCN™ 

4. A possible Lewis structure for CO, involves a triple bond 
and a single bond between C and the O’s. Write the two 


resonance structures involving the triple bond. What is 
implied about the nature of the C 
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27. 


28. 


29. 


30. 


31. 


32. 


(A) Are all dissymmetric molecules polar? 
(B) What condition must be met if a molecule having 
polar bonds is to be non-polar? 


Why do elements of the second period never use sp*d or 
spd’ hybrid orbitals for bond formation? 


What relationship is there, if any, between Lewis structures 
and the valence bond descriptions of molecules? 


How can the VSEPR model be used to predict the hybridi- 
zation of an atom in a molecule? 


If the central oxygen in the water molecule did not use sp* 
hybridized orbitals (or orbitals of any other kind of hybrid- 
ization), what would be the expected bond angle in H,O 
(assuming no angle-spreading force)? 

How does the geometry around B and O change in the fol- 
lowing reaction? How does the hybridization of each atom 
change? 


i 7 oe 
H—O: + B—Gi: — H—O—B—C: 
I, | 


:Cl: eCls 


33. 


34. 
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Numerical Problems 


On the basis of MO theory, explain why Li, molecules can 
exist but Be, molecules cannot. Could the ion Be} exist? 
Use sketches of orbitals to describe how valence bond the- 
ory would explain the formation of H 
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ADDITIONAL OBJECTIVE QUESTIONS 


Single Correct Choice Type 


1. Structure of IF/and hybridization of iodine in this structure 
is, respectively, 
(A) linear, sp*d 
(B) K-shaped, spd’ 
(C) irregular tetrahedral, sp*d 
(D) square planar, sp*d* 


2. Which of the following is/are not correct regarding C, 

molecule? 

(A) C, molecule has been found to exist in vapor phase. 

(B) It has a total 12 electrons, out of which 8 electrons 
occupy bonding orbitals while 4 electrons occupy anti- 
bonding orbitals. 

(C) The molecule is paramagnetic. 

(D) C, molecule contains double bond and both are z 
bonds. 


3. What fraction of charge is present on iodine in covalently 
bonded H*~ I*. If the dipole moment of HI is 0.38 D and 


the bond length is 1.61 A. 
(A) 5% (B) 16% 
(C) 33% (D) 79% 


4. The correct order for the bond angles of NO,, NO;, NO, 
and NO; is 


(A) NO}> NO; > NO; >NO, 
(B) NO}>NO, > NO; >NO; 
(C) NO; > NO, > NO; > NO; 
(D) NO, > NO; > NO; > NO, 


5. Which of the following molecules is/are having zero dipole 


moment 
(1) PCI,Br, (stable isomer) (II) XeF, 
(II) SF, (IV) CIF, 


(A) only II, IV 
(C) only I, 0, WI 


(B) only I, II 
(D) only III, IV 


6. Bond order of O,, O%,O; and O is in order: 
(A) O; < OF <O, <O} (B) OF <O; <0, <O3 


(C) Of <O, <O; < OF (D) O, <O3 <O; < OF 
7. The number of o and z bonds in tetravalent perxenate 
anion is 
(A) 60 and 1z (B) 60 and 2z 
(C) 40 and 42 (D) 40 and 67 


8. Which of the following can be calculated from the Born— 
Haber cycle of formation of AkO;? 
(A) Lattice enthalpy of Al2Os. 
(B) Electron gain enthalpy of O atom. 
(C) Hydration enthalpy of Al’. 
(D) Ionization enthalpy of Al. 


9. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


The correct order of increasing C—O bond strength of CO, 
COz, CO, is: 


(A) CO™ <C0;<CO (B) CO, <CO2 <CcO 


(C) CO<COF <CO, (D) CO< CO, < CO; 


Hybridization, shape and number of z bonds in XeOF, 

molecule are, respectively, 

(A) sp’, pyramidal, 1 (B) sp*d, trigonal bipyrami- 
dal, 2 

(C) sp°d,T-shaped, 1 (D) sp*d, square pyramidal, 1 

Carbon dioxide is isostructural with 

(A) HgCl, (B) SnCl, 

(C) C,H, (D) NO; 

Select the incorrect statement among the following: 

(A) NF, is weaker base then NH,. 

(B) AICL, is largely covalent while AIF, is largely ionic. 

(C) B,H,2NH, is ionic. 

(D) NO has one unpaired electron in bonding molecular 
orbital. 


The correct order of dipole moment is 

(A) CH, < NF, < NH, < H,O 

(B) NF, < CH, < NH, <H,O 

(C) NH, < NF, <CH,<H,O 

(D) H,O < NH, < NF, < CH, 

Element A has three electrons in the outermost orbit and 
B has six electrons in the outermost orbit. The formula of 
the compound will be 

(A) AB, (B) A.B, 

(C) AB (D) A.B, 

Polarization of ions is governed by 

(A) hybridization. (B) VSEPR theory. 

(C) Fajans’ rules. (D) Pauling’s rule. 


The pair of elements from ionic bond is 

(A) C+Cl (B) H+F 

(C) Na+Br (D) O+H 

The correct order of decreasing polarizable ions is 
(A) Cr, Br, T,F (B) F,T,Br,Cr 
(C) F Cl, Br, (D) I Br, Cl, F 
The bond present in N,O, is 
(A) only ionic. 

(C) only covalent. 


(B) covalent and coordinate. 
(D) covalent and ionic. 


Which of these contain both polar and non-polar bonds? 


(A) HCN (B) CO, 

(C) H,0, (D) CH, 

Paramagnetism is observed in 

(A) N, (B) O, 

(C) He (D) OF 

Which of the following species has the shortest bond 
length? 

(A) NO* (B) NO* 

(C) NO (D) NO- 
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Additional Objective Questions 


22. Among the following, which is polar? 
(A) CO, (B) SO, 
(C) BeCl, (D) Cl 
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(B) When BF, is added to Na,AIF,, Na,BF, is formed. 
(C) Allalkaline earths form peroxides on heating in excess 


of oxygen. 
(D) Magnesium cannot be extracted by the electrolysis of 
fused Mg(OH),. 
5. Which among the following species have zero bond order? 
(A) ER (B) Ar, 
(C) He; (D) H3 
6. Which of the following molecules are polar and sp*d’ 
hybridized? 
(A) IF; (B) XeF, 
(C) XeOF, (D) ICI; 


7. Which of the following combination(s) of atomic orbitals 
suggest non-bonding combinations of atomic orbitals? 


OG BD (B) ie 


(c) CR (D) OOK 


8. Correct order about bond angle is 
(A) H,O > H,S > H,Se > H,Te 
(B) C,H,>C,H,>CH,>NH, 
(C) SF,< NH, <H,O < OF, 
(D) ClO, > H,O > HLS > SF, 
9. Which of following energy terms are associated with the 

Born-Haber cycle of dissociation of BaCh in water? 
(A) Hydration enthalpy of Ba”. 
(B) Lattice enthalpy of BaCh. 
(C) Sublimation enthalpy of Ba. 
(D) Electron gain enthalpy of CI. 

10. In which of the following, the hybrid orbitals of the central 
atom have the same s character? 
(A) CH, (B) Ni(CO), 
(C) XeO, (D) [Ni(CN),}° 

11. Which of the following set correctly represent sp* hybridi- 
zation and tetrahedral geometry? 
(A) ClO;, SO7Z, Diamond 
(B) SiO*, [PCL], SiC 
(C) Ni(CO),, SnCl,, Graphite 
(D) Ice, FCIO,, [Zn(H,O),]* 

12. Among the following bonds, which are more ionic than 


covalent? 
(A) Si 
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Comprehension Type 
Read the paragraphs and answer the questions that follow: 


Paragraph I 

The following steps help predict the geometrical shape of spe- 

cies with only one central atom, without first drawing the Lewis 

structure: 

(a) Total number of o electron pairs = (number of valence 
electrons + electrons (for ionic charges)/2 

(b) Number of bonded electron pairs = number of atoms — 1 

(c) Number of electron pairs around central atom = total 
number of electron pairs — 3 [number of terminal atoms 
(except H)] 

(d) Number of lone pairs = (number of central electron pairs 
— number of bond pairs) 


1. Based on above method, structure of the some of the mole- 
cules have been matched. Which is the incorrect matching? 
(A) ICL, - Linear (B) ClO; — Pyramidal 


(C) IC]; -Square planar = (D) PdCl;? —Tetrahedral 


2. If A is the central element of the molecule containing A 
and X elements and L is the number of lone pairs around 
it, then VSEPR notation AX,L will be for the molecules: 


(A) PCL, ICI; (B) NH,,H,O 
(C) NH, ClO; (D) ICI, , ClO; 
3. Square planar structure is predicated for: 
(A) ICI; , ClO; (B) XeF,, XeO, 
(C) BrF,, ALCl, (D) ICI; , PtCl;? 
Paragraph II 


Valence shell electron repulsion theory (VSEPR) can be used 
to predict the approximate shape of a molecule. Electrons in 
bonds and in lone pairs can be thought of as “charge cloud” that 
repel one another and stay as far apart possible, thus causing 
molecules to assume specific shapes. 

The repulsive interactions of electron pairs decrease in the 
order: 

Lone pair—lone pair > Lone pair—bond pair > Bond pair—bond 
pair. 

These repulsions effect result in deviations from idealized 
shapes and alteration in bond angles in molecules. 


4. Molecular shape of XeF;, SF; and CF; are 
(A) the same with 2, 1 and 0 lone pairs of electrons, 
respectively. 
(B) different with 2, 1 and 0 lone pairs of electrons, 
respectively. 
(C) different with 0, 1 and 2 lone pairs of electrons, 
respectively. 
(D) the same with 2, 0 and 1 lone pairs of electrons, 
respectively. 
5. Which of the following statements is correct with respect to 


bond angle? 
(A) The F 


(~" 
(Q) 
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(B) N 
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4. Match the molecules/species with the properties. 
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Answers 


5. Match the hybrid bond orbitals with the species. 


Column! = Column II Column | Column Il 
(A) BrF, — (p) It has atleast one angle less than 90°. (A) sp? (p) AsFy 
(B) ICI, (q) The central atom is sp*d hybridized. (B) dsp’ (q) TeCl, 
(C)H,O* — (t) It is non-planar. (C) sp*d (r) SiO, 
(s) The central atom is having only one (D) spd (s) [Ni(en),]* 
lone pair. 


Review Questions 


1. 


The non-bonding electrons are located in the non-bonding electron domains of the oxygen atoms. There are four electrons 


present in the bonding domains between carbon and oxygen. 


. Pair (a) is a set of resonance structures. 
. (b) and (d) 

. Band theory 

. Linear structure 

. Sp 

. Two unpaired electrons 


3 


. Noble gases 
. Ten 
. (a) Trigonal planar; (c) octahedral; 
(b) tetrahedral; (d) trigonal bipyramidal 
. Elements in the second period do not have a d subshell in the valence level. 
. 90° 
. Iodine heptaflouride has sp*d° hybridization. 
- (a) sp’; (b) sp; (c) sp’; 
(d) sp’; (e) sp* 
. Hydrogen bonding 


Numerical Problems 


1. 124D 
2. On the sodium the charge is +0.795 e and on the chlorine, the charge is —0.795 e. This would be 79.5% positive charge on the 
Na and 79.5% negative charge on the Cl. 
3. 20.56% 
4. The formal charges on the atoms in HCl are 0. The actual charges are H:+0.17e and Cl: -0.17e 
5. 30 times. 
6. The lattice energy for NaCl is 787 kJ. The large difference in lattice energy is a result of charge (divalent versus univalent) and 
size of ions. 
7. Br 
8. 72.24% 
9. N=0;0=0andO=-1 
10. —2870.8 kJ mol". 
11. 16.83% 
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Additional Objective Questions 
Single Correct Choice Type 


15.(C) 2. (C) 3. (A) 4. (B) 5. (C) 

6. (B) 7. (B) 8. (A) 9. (A) 10. (C) 
11. (A) 12. (D) 13. (A) 14. (A) 15. (C) 
16. (C) 17. (A) 18. (B) 19. (C) 20. (B) 
21. (B) 22. (B) 23. (C) 24. (D) 25. (B) 
26. (A) 27. (A) 28. (D) 29. (C) 30. (A) 
31. (C) 32. (D) 33. (B) 34. (B) 35. (A) 
36. (C) 37. (C) 38. (B) 39. (D) 40. (B) 
41. (A) 42. (D) 


Multiple Correct Choice Type 


4. (A,B,C) 2. (A,D) 3. (A.C 4. (A, B,D) 5. (A,B) 
6. (A,C) 7. (CD) 8. (A,B,D) 9. (A,B) 10. (A,C) 
11. (A, B,D) 12. (B,D) 13. (A,C,D) 


Assertion—Reasoning Type 


1. (A) 2. (B) 3. (B) 4. (D) 5. (C) 

6. (A) 7. (©) 8. (D) 9. (A) 10. (C) 
11. (D) 

Comprehension Type 

1. (D) 2. (C) 3. (D) 4. (B) 5. (C) 

6. (D) 7. (D) 8. (B) 9. (B) 10. (A) 
11. (D) 12. (C) 13. (C) 14. (C) 15. (A) 
16. (B) 17. (C) 

Integer Answer Type 

1. (4) 2. (7) 3. (0) 4. (6) 5. (4) 

6. (+9) 7. (2) 8. (4) 

Matrix—Match Type 

1. A (q,1);B > (p,s); C > (p,s); D > (q,r) 2. A (p);B > (q);C > (p);D > (s) 
3. A (p,q); B > (p,q,1r);C > (p,q,14,8);D > (p,q,1,8) 4. A (s);B > (p,s); C > (q,1r);D > (q,1r) 


5. A > (r);B — (s);C > (q);D > (p) 
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Chemical 


Energetics 


The study of flow of heat in or out of a system during its physical or 
chemical transformation is known as thermodynamics. Any other 
form of energy brings about changes in certain properties of the 
system, such as temperature, pressure, volume and concentration of 
the system. The changes in these quantities from initial to final state 
of the system can be measured. They provide information regard- 
ing energy changes and accompanying changes in related quantities 
like heat and work. 

The study of thermodynamics is based on three broad generali- 
zations known as the first, second and third laws of thermodynam- 
ics. Based on these laws, thermodynamics helps us determine the 
following: 


1. Derivation of quantitative relations between heat and other 
forms of energy. 

2. Derivation of various laws, such as law of mass action, etc., 
thermodynamically. 

3. Criteria for predicting the feasibility of change (physical and 
chemical). 

4. Extent of change before equilibrium is reached, thus finding 
out the equilibrium conditions. 


5. Efficiency of various types of engines. 


The study of thermodynamics, however, has the following two 
limitations: 


1. It only tells us about the initial and final states of the system. 
It is not concerned about the rate of the associated physical or 
chemical reaction. 


2. It is applicable only to macroscopic systems and does not apply 
to microscopic systems of individual atoms or molecules. 
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Stirrer 


‘To let gas in under pressure 
[ if For electrical ignition 


Thermometer 


Heavily 
insulated 
vat 


A bomb calorimeter 
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7.1 | FUNDAMENTALS OF THERMODYNAMICS 


Some important terms related to thermodynamics are as follows. 


System and its Surroundings 


1. System: It is any region of space that is under thermodynamic investigation. 


2. Surrounding: It comprises the rest of the universe apart from the system 

(Fig. 71). Usually, the region in space in the neighborhood of the system 

constitutes the surroundings. Surrounding 
Boundary 


3. Universe: It comprises the system and the surroundings together. 


4. Boundary: A wall or layer separating the system from the surroundings is 
called boundary. It can be visible (like the walls of a beaker) or invisible Figure 7.1 Schematic 
(like the Cartesian coordinates specifying a particular volume in space). representation of a 
Defining a boundary helps us control and track the changes in matter and thermodynamic system. 
energy between the system and the surroundings. A boundary may be clas- 
sified into any of the following types: 


(a) Real or imaginary boundary: If a physical wall or layer separating the system and surrounding is present, it is 
called a real boundary (e.g., the walls of the closed room). If an invisible separation between system and sur- 
rounding is present, it is called an imaginary boundary (e.g., an open beaker where beaker is the system). 

(b) Rigid or flexible boundary: If the boundary has a fixed dimension then it is rigid. If the boundary has dimen- 
sions which can be changed, then it is flexible boundary. For example, boundary of a room will be rigid bound- 
ary whereas boundary of a balloon will be flexible. 

(c) Dithermal or adiabatic boundary: A boundary which allows heat to flow through it is dithermal whereas a 
boundary which does not allow heat to flow through it is adiabatic. For example, a thermos flask (completely 
insulated) is an example of adiabatic boundary and a metal container is example of a dithermal boundary. 


For example, if we want to measure some physical properties of water, such as temperature or density, we place water 
in a beaker. Then the beaker containing water constitutes the system, and the remaining part of the universe. In this 
case, the room in which the beaker is kept, is the surroundings. 


Types of the System 


Depending on the movement of matter and energy, the system can be of the following types: 


1. Open system: In such a system, matter can be added or Energy, matter Energy Energy, matter 
removed from the system, since the boundary is open. The 
system is also not insulated. In such a system, both energy jf 
and matter can be transferred to and from the surround- Open Closed 
ings [Fig. 72(a)]. For example, hot water tumbler placed system system 
on a table. In this case, an imaginary surface surrounding 
the tumbler containing water and the air around will form (a) (b) 


the boundary of the system. 
Figure 7.2 (a) Open system, (b) closed system 


2. Closed system: In such a system, matter can neither be : 
and (c) isolated system. 


added nor removed, since the boundary of the system is 
sealed. The system is however, not insulated. In such a sys- 
tem, matter cannot be transferred but energy can be transformed in the form of heat or work to and from the 
surroundings [Fig. 72(b)]. For example, gas contained in a cylinder fitted with a piston or reactants present in a 
closed flask made of copper or any other conducting material. 


3. Isolated system: In such a system, neither energy nor matter can be transferred to or from the surroundings, since 
the boundary is both sealed and insulated. Such a system has no interaction with the surroundings [Fig. 72(c)]. For 
example, boiling water contained in a thermos flask. 
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Note: An open system will have an imaginary, flexible and dithermal boundary. Closed system will have real, 
rigid and dithermal boundary. An isolated system will have real, rigid and adiabatic boundary. Unless mentioned 
otherwise, assume the system to be a closed system. 


Thermodynamic Properties 


1. Macroscopic properties: These are properties of system related to a large number of molecules of system, that 
is, to the bulk of the system. Macroscopic properties of system are always related by an equation of state. For 
example, pV = nRT is an equation of state by gas. Examples of macroscopic properties are pressure, volume, mass, 
temperature, number of moles, density, etc. 


a 


Intensive properties: These are properties which are independent of the quantity of matter present in the system. 
For example, temperature, pressure, density, concentration, etc. If a glass of water (system under consideration) is 
divided into two equal or unequal parts, then both the parts will have the same temperature, independent of the 
quantity of material present. 


Intensive property « n° 


where, n is the number of moles. Examples of intensive properties are pressure, temperature, density, concentra- 
tion terms, pH, specific heat, molar heat capacity, molar entropy, molar enthalpy, molar internal energy, boiling 
point, melting point, color. 


3. Extensive properties: These are properties that depend on the quantity of matter present in the system. For 
example, volume, number of moles, entropy, Gibbs free energy, enthalpy, etc. These properties are additive, while 
intensive properties are not. If a glass of water (system under consideration) is divided into two equal parts, then 
both the parts will have same temperature, independent of the quantity of material present, however, the volume 
of water in each glass will be halved. Thus, temperature is an intensive property while volume is an extensive 
property. A molar property of an extensive property is intensive. To understand this, let us consider any extensive 
property of a system, say v, then the value for the molar property would be 

Van = — 
n 
where n is the number of moles; v,, is then an intensive property independent of the amount of matter. Other 
extensive properties such as volume, heat capacity, etc. can be expressed as molar values V,, and C,,, which are 
intensive properties. 


Extensive property « 71'. 


Examples of extensive properties are mass, volume, moles, internal energy, enthalpy, entropy, Gibbs free energy, 
heat capacity. 


Note: If J = intensive property and E = extensive property, then 


' or I. F 
are therefore, ; is an extensive property. 


26 £, F é 
= n°, therefore, E is an intensive property. 


g 
sR 


=n", therefore, it can either be intensive or extensive property. 


g 
|=. 


It IN ol 
g 
=) 5, 


1 ae : 
=n, therefore, 7 is an extensive property. 


a 
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4. State of the system: These set of variables, such as temperature, pressure, composition, etc., that describe the sys- 
tem is known as the state of the system. If any of these variables undergo a change, the system is said to undergo 
change of state. 


5. State function: Any property of the system that defines the state of the system, but is independent of the path that 
brings about that change in state is known as state function. For example, pressure (p), temperature (7), volume 
(V) and composition or amount (). The characteristic feature of all state functions is the independence from the 
method or mechanism by which a change occurs. The variables such as p, T, V, n, etc., are called state variables. 
Mathematical criterion for a function to be a state function: 


For any state function ¢ = f(x,y) [function of variable x and y] going from initial state A to final state B 


B 
Jag =o -%, [Final state — initial state] 
A 
pdg =0 [as closed integral of any state function is zero] 
. d 2] _d fag 
dyLox]|, dx| oy]. 
og og 
dg=|—| -dx+}/—) -d 
or @ EE | E | y 


ox ), 


[where (=) = partial differential of @ w.r.t. x keeping y as constant and so on] 


For example, if pressure is a state function, then, 


Thus, pressure is a state function. 


6. Path functions: Any property of the system that depends on the initial and final states of the system as well as the 
path that brings about that change in state is known as path function. For example, work done (w) and heat (q) 
are path functions. If the path followed is cyclical, then net work done is zero. 


Note: In order to define a system, it is not essential to specify all state variables but only a certain number of prop- 
erties that vary independently from each other. Depending on the nature of the system, once the independent 
macroscopic properties are fixed, the other dependent state variables get definitive values automatically. 


Solved Example Eau 


Show that the volume of a fixed amount of an ideal gas is a ai and & = a 
a state function. oT p P op r P 


We k that V= 
Solution See ee 


For an ideal gas V= a therefore dVv= | dp () dT 
p T 
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we have dV= mE Ap + (“*} dT d (2) = d (=) = au: 

P P), OT |\ op ), : oT\ p ), Pp 
If V is to be a state function, dV must be an exact differ- oO (= = Q & = —nR 
ential, for which the Euler’s reciprocity condition states oT [Lop ),| OTK P Jy Dp 
that 


Hence, volume of an ideal gas is a state function. 


ar(a),|,“ar|ar), 


Types of Thermodynamic Processes 


Any process is associated with a change which can be classified as (a) chemical change; (b) phase change and (c) change 
in p, V, T, etc. A thermodynamic process is said to occur when the state of a system changes from one state (initial 
state) to another (final state). 


1. Isothermal process: It is the process carried out at constant temperature, dT = 0. For this process, the system is 
usually kept in contact with a constant temperature bath (thermostat) and the constant temperature is maintained 
by the exchange of heat with the thermostat. 

2. Adiabatic process: It is the process in which heat cannot leave or enter the system, dq = 0. For this process, the 
system is thermally insulated from the surroundings. However, the temperature of the system may increase or 
decrease in an adiabatic process. 

3. Isobaric process: It is the process carried out at constant pressure, dp = 0. All reactions carried out at atmospheric 
pressure are examples of isobaric process. However, volume change always takes place in an isobaric process. 

4. Isochoric process: It is the process in which the volume of the system is kept constant (dV = 0). For example, heat- 
ing of a substance in a non-expanding chamber. 

5. Cyclic process: It is the process in which the initial and final states are identical. The net work done is not zero in 
a cyclic process, w # 0. 


All processes can be divided into the following two types: 


1. Reversible process: It is the process in which the energy change in each step of the process can be reversed in 
direction by making a small change in any property of the system, such as temperature, pressure, etc. Two impor- 
tant criteria for a process to be reversible are: 


(a) the change must be performed at an infinitesimal slow rate. 
i Surrounding 
Pext 


(b) there must be no loss of energy due to friction and no finite temperature 

differences. +» Massless piston 
All reversible processes are hypothetical. System is in equilibrium with * pn 
surroundings throughout the process. Equation of state can be used through- System 


out the process. For an any reversible process, the change in properties at each 
step is negligible. For example, consider the cylinder shown in Fig. 73 witha Figure 7.3 Reversible process 


massless piston. Here, in a cylinder with massless 
Pest = Pin + 4p piston. 
where dp is the pressure difference. Then, if dp ° 0, the process is reversible. 


2. Irreversible process: It is the process in which the system or surroundings are not restored to their initial state at 
the end of the process. All processes occurring spontaneously in nature are irreversible. They always tend to pro- 
ceed in a definite direction; and do not proceed in the opposite direction without the action of an external force. 
Irreversible processes take place spontaneously and not in infinitesimal slow steps that can be reversed. Some 
examples of irreversible process are expansion and diffusion of gases, flow of heat from a hotter body to a colder 
body, etc. 
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In an irreversible process, the system and surrounding are in equilibrium at initial and final state only. So, the 
equation of state can be used at initial and final state only. 


Pex = Pin + Ap 


where Ap is appreciable. Here, change in properties at each step is appreciable. 


Note: A process is which p,,, = 0 or any expansion against vacuum is known as free expansion. It is an irrevers- 
ible process. 


7.2 | THE ZEROTH LAW OF THERMODYNAMICS 


Figure 7.4(a) shows two systems labeled A and B. Each is within a container whose adiabatic walls are made from 
insulation that prevents the flow of heat, and each has the same temperature as indicated by the thermometers. In 
Fig. 7.4(b), one wall of each container is replaced by a thin silver sheet, and the two sheets are touched together. Silver 
has a large thermal conductivity, so heat flows through it readily and the silver sheets behave as diathermal walls. Even 
though the diathermal walls would permit it, no net flow of heat occurs in Fig. 7.4(b), indicating that the two systems are 
in thermal equilibrium. There is no net flow of heat because the two systems have the same temperature. Two systems 
are said to be in thermal equilibrium if there is no net flow of heat between them when they are brought into thermal 
contact. We see, then, that temperature is the indicator of thermal equilibrium in the sense that there is no net flow of heat 
between two systems in thermal contact that have the same temperature. 

System A is in equilibrium with the thermometer, and so is system B. In each case, the thermometer shows the 
same temperature. Consequently, systems A and B are found to be in thermal equilibrium with each other and with 
the thermometer as the third system. The fact that system A and system B are each in thermal equilibrium with this 
third system at the same temperature means that they are in thermal equilibrium with each other. This establishes the 
zeroth law of thermodynamics which states that 

Two systems individually in thermal equilibrium with a third system are in thermal equilibrium with each other. 
The zeroth law establishes temperature as the indicator of thermal equilibrium. 


Adiabatic Diathermal walls 
walls (silver) 


(a) (b) 


Figure 7.4 (a) Systems A and B are surrounded by adiabatic walls and show the same temperature. (b) When A is 
put into thermal contact with B through diathermal walls, no net flow of heat occurs between the systems. 


7.3 | ENERGY OF THE THERMODYNAMIC SYSTEM 


Internal Energy 


The total energy contained in a thermodynamic system is called internal energy (U). It includes all forms of kinetic, 
potential and chemical energies. Kinetic energy is associated with all kinds of motions, such as translational, rotational 
and vibrational, of the system’s particles. Potential energy is associated with static energy of the particles. It also 
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includes chemical energy associated with breaking and making of bonds as well as nuclear energy associated with 
atomic nuclei and electrical energy associated with charged particles. 
Internal energy is due to external factors and due to system itself. Internal energy due to system: 


U =U, + Up, +U yg, +U yy 


where U,, is due to kinetic energy (motion of molecules), U,, is due to potential energy (intermolecular forces), Ux, 
is due to nuclear energy (binding energy) and U,, is due to rest mass energy (E = mC’) 
Internal energy due to external factors 


Ua = U, + U,,, + some negligible energies 


where U, is due to gravitational potential energy and Ux, is due to K.E. of center of mass. 
Generally, we neglect the external factors as the system is at rest and at the same position. Therefore, total internal energy 


U =U, + Up, +U yg, +U yy 


Now in U,,. can be calculated as a function of temperature, that is U,,, = f(T). Up, cannot be calculated without a ref- 
erence, so U,, = f(p, V, T). Ux, cannot be calculated and U,, can be calculated. Therefore, absolute value of internal 
energy (U) cannot be calculated. Thus, we calculate AU or the change in internal energy as 


AU = AU,,, + AU), + AU x, + AU, 


Since nucleus and rest mass are constant, 


AU = AU gy + AU pp 


Mathematical Derivation of AU 


We know that 
AU = AUxy, +AU pp 
ft) f(pv-7) 
So, AU = f (p,V,T) 
Now, for any solid, liquid or gas, equation of state exists. Therefore, any two variables out of p, V and T can be expressed 
in terms of the third variable. Let us consider 


AU = f(V, T) 


Since, dU or AU is a state function, therefore 


Now, (=) =nC, 
Vv 


[The explanation of this expression is covered in the section on heat capacity. ] 
Therefore, 


dU = nat (SS) dV 
aV J 


Simplified version of the above equation can be obtained for the following cases: 


Case 1: For an ideal gas 
AU = AU, +AU py 


Since there is no interaction between molecules of an ideal gas, AU,,, = 0. Therefore, 
AU = f(T) 
dU = ncvar+( 2) fav 
T 


OV 
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(Because U = f(T) and if we keep 7 as constant, the partial differential will be zero as it is simply differen- 
tiating a constant.) Therefore, 


dU =nC,dT 


The above expression is most commonly used. 


Case 2: For any solid or liquid, we know that volume change is negligible for any solid or liquid. Therefore, 


dV =Oand dU =nC,dT 
Case 3: For a real gas undergoing isochoric process 


dV = 0 
dU =nC,dT 


Case 4: For the real gas undergoing any process except isochoric process 


dU = ncar+( 54) dV 
av ), 


We cannot define how much energy is associated with the system in all the above forms of energy, but can only 
predict and measure the change in internal energy (AU). The change in internal energy is given by AU =U,,,,,,—U initia 
and can occur when work is done either on or by the system, the heat leaves or enters the system or matter 
enters or leaves the system. The S.I. unit of internal energy is joule (J). It can also be expressed in calories, where 
1 cal = 4.184 J. 

The internal energy may be a function of temperature of the system and sometimes pressure and volume, 
chemical nature of the substance. It is a state function, that is, its value depends on the state of the system and not 
on the path followed to obtain it. For example, the change in internal energy on heating 1 mol of water from 0°C 
to 100°C is 1.8 kcal. This value depends only on initial and final temperatures, and not on how that temperature is 
attained. 


Work 


Work can be defined as the action/displacement of system against some force originating from the surroundings and 
acting on the boundary of the system. The energy of the system is its capacity to do work and the system may transfer 
energy to another system or surroundings through work. When work (w) is done by the system, its energy decreases; 
and when work is done on the system, its energy increases. 


Pressure-Volume Work 


Consider the gas cylinder with massless piston shown in Fig. 75. Here ae is the s 


external force and dx is will be the displacement. > Foxt 
Work is defined as the work done by the external force, therefore, Massless piston 


w = F,.dx = F.,, -dx(cos 180°) 


ext ext 


=-F,,,-dx=—p,,,xA-dx 


A= area 


Figure 7.5 Pressure-volume 


Vy 
dw= —p,,dV >w= =) Pex AV work done by a system. 


where V, = initial volume and V,= final volume. 
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Units of work: 

1 atm liter = 1.01325 x 10° Pa x 10° m* 
= 1.01325 x 10° J = 101.325 J 

1 bar liter = 10° Pa x 10° m* = 100 J 


Sign convention: 
Work done on the system = +ve 
Work done by the system = —ve 


Work done during expansion 
For expansion, dV is positive, therefore, work done is negative. 


w= -| Pex dv =—ve 


+ve +ve 


Work done during compression 
For compression, dV is negative, therefore, work done is positive. 


w= -| Pex dv =+ve 


tve VE 


We will consider the mechanical or pressure-volume work done by a system. Consider an ideal gas (1 mol) taken in 
an insulated cylinder fitted with a frictionless piston. The system (the gas) starts from an initial state i, described by a 
pressure p;,a volume V, and a temperature 7; and we want to change the system to a final state f, described by a pres- 
sure p,,a volume V, and a temperature T;. 

The procedure by which we change the system from its initial state to its final state is called a thermodynamic pro- 
cess. In such a process, energy may be transferred into the system from a thermal reservoir (positive heat) or vice versa 
(negative heat). Also, work can be done by the system to raise the loaded piston (negative work) or lower it (positive 
work). We assume that all such changes occur slowly, with the result that the system is always in (approximate) thermal 
equilibrium (i.e., every part of the system is always in thermal equilibrium with every other part). 

Suppose also that we allow the gas to expand from an initial volume V, to a final volume V,, while we keep the 
temperature T of the gas constant. Such a process, at constant temperature, is called an isothermal expansion (and the 
reverse is called an isothermal compression). 

If the external pressure p,,, on the system is slightly less than the internal pressure of the gas p, then the piston 
would move outwards till both the pressures become equal. Let this isothermal expansion take place in a single step 
so that the final state of the system is reached. If the piston has moved through distance / and the cross-sectional area 
of the piston is A, then change in volume of gas is 


AV =(V,-V,)=IxA 
The force on the piston can be obtained as 


ce 


For 
Pressure = 


=> Force= Pressure x Area = p.,, XA 
rea 


The work done by the piston is 
w= Force x Distance = —p,,, x AX1=— p.., XAV 


The negative sign of work indicates that in isothermal expansion 
work is done by the system (Fig. 76). 

If the external pressure on the gas is greater than the inter- 
nal pressure of the gas, the piston move inwards and isothermal 
compression takes place. The work done is given by | 


w = Force x Distance = —p,,, X AX1=—p.,, x (-AV) 


<= = 
The negative sign is used because the volume decreases if the sys- 
tem is compressed. This will also yield the required conventional 
sign for work because work done on the system is positive. We can 
thus conclude that in compression, work is done on the system. 
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During the change in volume, the pressure of the gas may also change. In that 7 


case, the volume does not change to V;in a single step but through finite number 
of steps, each of which involves small change in pressure (Fig. 7.7). The work done 
is measured corresponding to each change and summed up to give the total work 
done by the gas as 


Pressure (p) 


W=2 Pen XAV 


If the process take place in a manner that pressure at each stage decreases by an 

infinitesimal amount dp and the volume increases by an infinitesimal amount dV, i | 

then the total work done by the gas can be obtained by the relation van 
I 


Volume (V) Vy 


V, 
We ly Pena (71) Figure 7.7 Pressure-volume 
plot when pressure changes in 
The external pressure at each stage is equal to p — dp (or p + dp in case of com- __ finite steps during expansion 
pression). By definition, such processes where the properties at each step undergo __ from initial volume (V) to final 
infinitesimal change are called reversible processes. volume (V,). 

To evaluate the integral in Eq. (71) directly, we would need 
to know how pressure varies with volume for the actual process 
by which the system changes from state i to state f: We can plot A nN 
the pressure of the gas versus its volume to obtain a pV diagram 
as shown in Fig. 78a. 

In Fig. 78(a), the curve indicates that the pressure decreases as 
the volume increases. The integral in Eq. (71) (and thus, the work 
w done by the gas) is represented by the shaded area under the 
curve between points i and f. Regardless of what exactly we do to 
take the gas along the curve, that work is negative, due to the fact 0 - Valume: 

. . : . olume 0 Volume 
that the gas increases its volume by forcing the piston upwards. (a) (b) 

Figure 78(b) shows an example in which positive work is 
done by a system as some external force compresses the system, Figure 7.8 (a) pV diagram for a system 
reducing its volume. The absolute value of the work done is still from state i to state f. (b) pV diagram for a 
equal to the area beneath the curve, but because the gas is com- system from state fto state i. Shaded region 
pressed, the work done by the gas is negative. representing work done. 

In chemistry, it is important to relate the work term to the 
internal pressure of the system rather than the external pressure applied. So for a reversible chemical system, Eq. (7.1) 
can be written as 


Pressure 
Pressure 


V, V, 
Wrey = rl Pex dV = “ly (p+dp) dV 


Since value of dp x dV is small, we can write 


Vp 
Wey =—I,, pV (72) 


Using the ideal gas equation, we can express pressure in terms of volume for n moles of gas as 


pV = nRT 
nRT 
or p= V 
Substituting for p in Eq. (72), we get 
V 
Wee = ON ein (73) 
Wie WA 3 
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because for an isothermal process, temperature is constant. The work done by the gas can be expressed as 


V 
Wrey = —2.303 nRT log (74) 


I 


For an expansion, V, is greater than V,, so the ratio V,/ V, in Eq. (74) is greater than unity. The natural logarithm of 
a quantity greater than unity is positive, and so the work done, w, by an ideal gas during an isothermal expansion is 
negative, as we expect. For a compression, V, is less than V,, so the ratio of volumes in Eq. (74) is less than unity. The 
natural logarithm in that equation — hence the work w —is positive, again as we expect. 


Note: Equation (74) does not give the work done, w, by an ideal gas during every thermodynamic process. Instead, 
it gives the work only for a process in which the temperature is held constant. If the temperature varies, then the 
symbol T in Eq. (73) cannot be moved in front of the integral symbol as in Eq. (74). 


Adiabatic Work 


Consider an insulated beaker containing water or hot water in an insulated flask thermos flask. This adiabatic system 
will undergo a change of state without exchange of heat between system and surroundings, and such a process is 
known as an adiabatic process. The wall (in this case the beaker) separating the adiabatic system from the surround- 
ings is known as an adiabatic wall. Let this state of the system be defined as state A with temperature 7, and internal 
energy U,.The state of the system can be changed to new state without loss or gain of heat, by doing mechanical or 
electrical work. Some experiments were conducted by J.P. Joule in 1840s, which led him to conclude that the same 
amount of work done on the system produces the same change in state (measured as temperature in this case), irre- 
spective of how the change is brought about. We can thus define internal energy as a state function, where change 
from one state (U,) to another (U,) can be brought about by doing adiabatic work on the system. Therefore, 


AU =U, - U, =w 


adiabatic 

The work term W,4:sharic 1S pOSitive when work is done on the system and negative when work is done by the system. 
Work may also be in the form of expansion or compression of system known as the pressure-volume work. The vol- 

ume change in expansion of solids and liquids is small, so the work done is small. However, in case of gases, the volume 

change is substantial and work done by gas in the system is equal to the change in volume against pressure p. 


w=-—pAV 


Consider the example of a gas taken in a cylinder fitted with a movable piston. In the equilibrium state, the pressure 
applied on the gas is equal to the pressure of the gas. If the pressure of the gas is lowered, the gas inside the cylinder 
expands and pushes the piston till the pressure of the gas becomes equal to the pressure on the gas. The work in this 
case is done by the system at the expense of the internal energy. In another situation, if the external pressure on the 
gas is increased, the volume of the gas inside the cylinder will decrease. The piston is pushed down as a result and work 
is done on the system, which increases the internal energy of the system. 


Heat 


The internal energy of the system can also be changed by supplying heat to the system or removing heat from it with- 
out doing any work on the system or by the system. The energy transferred because of temperature difference between 
two systems is called heat. It flows from system at higher temperature to the one at lower temperature. The amount of 
heat transferred (q) is proportional to the difference in temperatures. 

Generally heat transfer involves temperature change (except phase change/chemical change). We define molar 
heat capacity (C) as the heat required to raise the temperature of a substance by 1K for 1 mole of the substance. 


_ 4 
ndT 


q=nCdT =msdT 


Cis a path function, that is, process dependent. 
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= 


Some important expressions related to molar heat capacity are listed as follows: 


. We define C, as the molar heat capacity for an isobaric process as 


c, = f= (2H) 
P ndT n\ OT ; 


(Here we use q,, = dH; this will be covered in the section on Enthalpy.) 


. We define, C), as molar heat capacity for an isochoric process as 


Ue (| 
Cy — —— 
ndT n\ oT ), 


(Here we use q,, = dU.) 


. Molar heat capacity is a function of T for an ideal gas 


C=at+bT+CT*+dT° +... 


Here, a, b,c and d are constants whose values decrease as T increases. 


. For solids and liquids C, and C,, are same for any ideal gas 


C,-Cy=R 


. Relation of degree of freedom with C, and C, 


(a) The translational degree of freedom f,,,,,.= 3 (always). Contribution by 1 f,,,,, towards Cy = R/2. 


(b) For the rotational degree of freedom, f.,,, the value will vary with the atomicity. Contribution by 1 f,,, towards 
C, = R/2 


(c) Vibrational degree of freedom, f,;,, is to be taken into account only at higher temperature. It is calculated as 
fois = Frota — Frans Frots Contribution of 1 f,;, towards Cy = R 


(d) Total degrees of freedom f,,,,,, = 3, where N = no. of atoms or atomicity. 


otal 


. : C 
(e) Poisson’s ratio y = on 


4 
(f) The values for degree of freedom and C,, for molecules with different atomicity are summarized below 
in Table 71 


Table 7.1 Relation between atomicity and degree of freedom 


Atomicity Toes te fib fea Cy 
AthighT AtlowT 
Monoatomic 3 0 0 3 3R/2 3R/2 
Diatomic a) 2 1 6 TR/2 5R/2 
Triatomic (linear) 3 eZ 4 9 13R/2 5R/2 
Triatomic (non-linear) 3 3 3 9 6R 3R 


In all the above cases C 
C,= a 


4 


Note: For a mixture 


where n, is the number of moles. 


mn,(C mn. (C 
= ( ad and C. = i( v,) 
Nn; porn xn. 


i 


Pmix 


= xn; (C,,) x rn; 
m™  In(Cy) En, 
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Consider a system which can exchange heat with the surroundings through thermally conducting walls, instead 
of adiabatic walls. We can take water at temperature 7, in a container with thermally conducting walls, say a copper 
container, and place it in a reservoir of temperature at temperature 7. Heat absorbed by the system can be measured 
in terms of the temperature difference between the container and the reservoir, that is, 7, — T,. The change in internal 


energy is equal to the heat exchanged when no work is done by the system. Therefore, 
AU =q 


The quantity of heat is expressed in calories. Here, 1 cal is defined as the amount of heat required to raise the tempera- 


ture of 1 g of water by 1°C at 15°C. 


Note: Work and heat conventions: 


q is (+) Heat is absorbed by the system. 


w is (+) Work is done on the system. 


q is (-) Heat is released by the system. 


w is (—) Work is done by the system. 


Solved Example [ey 


One mole of an ideal gas is put through a series of 
changes as shown in the graph in which A, B, C mark the 
three stages of the system. At each stage, the variables are 
shown in Fig. 79. 


(a) Calculate the pressure at three stages of the system. 


(b) Name the processes during the following changes: (i) A 
to B, (ii) B to C, (iii) C to A, and (iv) overall change. 


V 
24.0 (I) 
12.0 (I) 
1 ' : TF 
300 K 300 K 
Figure 7.9 
Solution 


(a) Atstage A: Given that V=24 L; T=300 K;n=1 mol; 
R= 0.0821 L atm K™ mol". Substituting these values 
in the ideal gas equation, 


pe 1x 0.0821 x 300 = 1.026atm 


24 


At stage B: Volume remains the same but temperature 
change from 300 K to 600 K. Thus, according to pres- 
sure law, the pressure will be double at B with respect 
toA. 


Pressure at B =2 x 1.026 = 2.052 atm 


At stage C: Temperature is 300 K and volume is half 
that of stage A. Thus, according to Boyle’s law, the 
pressure at C will be double with respect to A. 


Pressure at C =2 x 1.026 = 2.052 atm 
(b) 


(i) During the change from A to B, volume remains 
constant, the process is isochoric. 
(ii) During the change from B to C the pressure 
remains constant, the process is isobaric. 
(iii) During the change from C to A, the temperature 
remains constant, the process is isothermal. 


(iv) Overall, the process is cyclic as it returns to its 
initial state. 


Solved Example | 7-3 | 


The diagram shows a p-V graph of a thermodynamic 
behavior of an ideal gas. Find out from the following 
graph: 


(a) Work done in the process A > B, B > C,C > D and 
D- A. 


(b) Work done in the complete cycle A >B—->C—D- A. 
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Solution 


Work done in the process A > B (the process is expan- 
sion, net work is done by the gas) 


Wy op=-PX AV =-12 x 10° x 5 x 107 = -6000) 


p(102 N/m?) 


Work done in the process B > C, wz, _,. = 0 as volume 
remains constant. 

Work done in the process C > D (the process is contrac- 
tion, hence work is one on the gas) 


Wep=p xX AV =2x10°x5 x 107 = 1000J 


Work done in the process D > A, wy _, , = 0 as volume 
remains constant. 

Net work done in the whole cycle = —6000 + 1000= —5000 J 
This is the net work done by the gas. 


7.4 | THE FIRST LAW OF THERMODYNAMICS 


The first law of thermodynamics is an application of the law of conservation of energy, which states that energy can 
neither be created nor destroyed, that is, the total energy of the system remains constant, though it may change from 
one form to another. Another statement for the first law arises from the fact that it is impossible to construct a per- 
petual motion machine that can produce work without spending energy. 


Mathematical Derivation of First Law 


Let us consider the case where the change in state of the system is brought about both by doing work and transfer of 
heat. Then the change in internal energy is given by 


AU =q+w (75) 


For this change in state, g and w will depend on how the change takes place. So these are not state functions. However, 
the change in internal energy AU does not depend on how a change takes place and will depend only on the initial and 
final states of the system. If there is no transfer of heat to or from the system (gq = 0) or no work is done on or by the 
system (w =0), then AU=0. 

The first law of thermodynamics is an application of the law of conservation of energy, which states that energy 
can neither be created nor destroyed, that is, the total energy of the system remains constant, though it may change 
from one form to another. 

Suppose heat q is supplied to the system with initial internal energy U,.A part of heat energy is used by the system 
to do work (—w) while the remaining is used to change the internal energy of the system to U,. According to first law 
of thermodynamics, 

AU =U, -U,=q+w 
q= AU -(-w) 


So the energy of the system is conserved. For an infinitesimally small change dU in energy, the corresponding changes 
in heat and work are given by dg and dw and Eq. (76) can be written as: 


dU =dq+dw (7.6) 


Equations (75) and (7.6) are mathematical expressions for the first law of thermodynamics. 
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7.4 | The First Law of Thermodynamics 


Solved Example | 7-4 | 


A system moves from state A to state B by a certain path, 
such that g and w are found to be +670 cal and —209.3 cal, 
respectively. Calculate AU of the system. 


Solution 


The first law of thermodynamics can be mathematically 
expressed as 


AU=q+w 


Therefore, the change in internal energy can be calcu- 
lated as 


AU =q+w=670-290.3 = + 460.7 cal 


Solved Example | 7-5 | 


A certain system absorbs 0.300 kJ of heat and has 0.700 kJ 
of work performed on it. What is the value of AU for the 
change? Is the overall change exothermic or endothermic 


Solution 


AU =q+w=0.300 kJ+0.700 kJ = + 1.000 kJ 


The overall process is endothermic, meaning that 
the internal energy of the system increases. Notice that 
both terms, g and w, contribute to the increase in internal 
energy of the system; the system gains heat (+q) and has 
work done on it (+w). 


Solved Example | 7-6 | 


Using first law of thermodynamics, show that heat is not 
a state function. 


Solution 


The essential criteria of a state function is that it must be a 
perfect differential. From the first law of thermodynamics, 
if the work is done by the system, then 


dU=dq-dw (1) 


Also, work can be expressed in terms of pressure—volume 
work as 


dw= pdV 
Therefore, 
dq=dU + pdV (2) 


Taking F as a function of T and V, differential can be 


written as: 
av -(57} av+(o) dT 
OV )Tr oT Jy 


Using this in Eq. (2), we get 


At constant T, divide Eq. (3) by dV: 


oq oU 
7 i 4 
(54), (sr), (4) 
Similarly at constant V, divide Eq. (3) by dT: 
oq oU 
—=| =| 5 
Gr), lr), ) 


Now, if heat (qg) is a state function, then the following 
must be true from Euler’s reciprocal relation: 


y}lih) 
oTOV oVOT 


Evaluating the second differentials of Eqs. (5) and (6), 


we get 
2 2 
aToV) \aT)y \aVvoT 


Since EF is a state function, from Euler’s relation we have 


( aU }-( aU (8) 
oTOV oVoT 
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Using Eqs. (8) in Eq. (7), we get 


op 
?) =0 
(sr), 


This means that pressure is independent of temperature 
at constant volume. But this is contrary to Charles law, 


which states that at constant volume, the pressure of gas 
is directly proportional to its Kelvin temperature 


(=) =K+#0 
oT Jy 


Hence, the assumption that q is a state function, is proven 
wrong; so q is not a state function. 


Solved Example | 7-7 | 


The value of AU for a certain change is —1455 J. During 
the change, the system absorbs 812 J of heat. Did the 
system do work, or was work done on the system? How 
much work, expressed in joules, was involved? 


Solution 


From the first law of thermodynamics, we have AU = q+w. 
So, 


—1455 = 812+w > w=-2267 J 


Since w is defined to be the work done on the system by 
the surroundings, then in this case, a negative amount 
of work is done on the system by the surroundings. 
This implies that the system, in fact, does work on the 
surroundings. 


7.5 | CALCULATION OF WORK DONE IN DIFFERENT PROCESSES 


Work done by a system under different thermodynamic processes is discussed and derived as follows. 


1. Work done by an ideal gas in an irreversible expansion against a constant external pressure p,,, (isobaric expansion). 


Let the initial volume of gas be V, and the final volume of gas be V,. Then 


Vv; V; 
w=-| p, dV=-p,, [dV 
V, V, 


as p., 1s constant. Then 


1 ie Pen (V; V;) _ PgAV 


The work done is given by the area under the pressure-volume curve 
(Fig. 710). The negative sign indicates that the gas is expanding. 


2. Work done by an ideal gas in a reversible isobaric process during expansion. 


Let the initial volume of gas be V, and the final volume of gas be V,. Then 


Pext — 
Area under the p—V 


curve 


Figure 7.10 Pressure-volume 
curve for irreversible expansion 
under constant pressure. 


w=-[ p.. dV =| pdVv 


Because for a reversible process, P.., = Pas = P (Say). 


Vy 


w=- pf dv (as p is constant for an isobaric process) 
V; 


w=-p(V,-V,) =-p(AV) 


The work done is given by the area under the pressure-volume curve 
(Fig. 711). The negative sign indicates that the gas is expanding. 


P= Pyas Area under p—V 


curve 


Figure 7.11 Pressure-volume 
curve for reversible expansion 
under constant pressure. 
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7.5 | Calculation of Work Done in Different Processes 


Note: During expansion Pras = Pest 


Figure 712 shows the pressure-volume curve for work done 
during reversible and irreversible expansion process. Area 
under curve during reversible process is greater than the 
area under curve during irreversible process. Also, in both 
the cases, the work done is negative. Therefore, work done by 
the gas in reversible process is always greater in irreversible 


Work done during 
reversible process 


Work done during 
irreversible process 


process. Thus, reversible processes are more efficient. Figure 7.12 Work done during reversible 
Work done by an ideal gas in reversible/irreversible isochoric and irreversible expansion process. 


process. 
For an isochoric process dV = 0. Therefore, work done 


w= —f Pex dv =0 


Work done by an ideal gas in reversible isothermal expansion at temperature T. 


Given that, initial volume = V,, final volume = V, and number of moles of gas = n. Then work done 


Ww =| Pas dv 
W= -[p dV 


Because for reversible process P... = Pyas = P (Say). Therefore, 


Because for an ideal gas, p = a. we have 


V; 
w= —nRT | (zJav 
y, V 


Vy 
w=-nRT |n| — 
V, 


Work done by an ideal gas in reversible adiabatic expansion. 


As for an isothermal process, T is constant. 


Given that, initial pressure = p,, final pressure = p, initial volume = V,, final volume = V,, Poisson’s ratio = , initial 
temperature = T,, final temperature = 7, and number of moles of gas = n. Also, Cy is given. Since the process is 


adiabatic, pV” = constant = k, therefore, 
PV? =k or p,=kV," 
PV =k or pp =kV," 
So work done is 


Wo -| Pext dv 


w=-| pdV 
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Because for a reversible process, P,., = Pex: = P (Say). 


Vs 
w=-[kV7dVv 
V, 
For a reversible process, pV’ = k, therefore, 
ye? 
. -y+1 |, 
kV 7" ky 
y-l 
KV )VV,) (KV MV) 
y-1 
V,—-p.V; 
Bi mee (from Eqs. 7.7 and 7.8) 
y-1 
R(T, -T, 
nR(T; —T;) _ i R (AT)=nC,AT (as gas is ideal) 
vad y-1 


C 
As, = y and C,— C, = R. Therefore, 

Cy e 
RO 
y-1 


The above expression can also be calculated simply by using first law of thermodynamics. 


Cy = 


6. Work done in free expansion. 

Here, p.., = 0, therefore, 

w=—| Pew dV = 0 

7. Work done in any reversible polytropic process by an ideal gas. 

pV* = constant 

For x = 1, pV = constant, implies process is isothermal. 

x = y, PV’ = constant, implies process is adiabatic. 

x = co, V= constant, implies process is isochoric. 

x = 0, p = constant, implies process is isobaric. 

The work done is given by 


wee PV. — pV, — nRAT 
x-1 x-1 
The gas is ideal, so AU = nC, AT 
Also, from first law of thermodynamics AU = q + w. Therefore, 


nRAT 


nC, AT =q+ 
x-1 


Also q = nCAT, therefore, 
nRAT 


nC, AT =nCAT + 
x-1 


R 
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7.5 | Calculation of Work Done in Different Processes 


Note: For any general process dU = q + w. Therefore, for one mole of gas 


C,dT = CAT - p.,,dV 


8. Work done in a cyclic process 


All cyclic processes are reversible, so the work done is area under the 
pressure-volume curve for a cyclic process (Fig. 713). 


Work done = -(p, — p,) (V,- V,) 


To assign the sign convention for work in a cyclic process, 


w,,=0 
w,,= negative work Figure 7.13 Pressure-volume 
w,,=0 curve for a cyclic process. 


W,_, = positive work 
Therefore, net area under the curve is negative. For any cyclic process, the total work done is negative if the cyclic 
process is clockwise and is positive if the cyclic process in anticlockwise. 


Solved Example 8) 


A gas expands against a variable external pressure given “240 % dV V. 
by p = 10/V atm, where V is the volume at each stage W= J V dV= fio vo 101n 3 
of expansion. In expanding from 10 L to 100 L, the gas Mi Mi t 
undergoes a change in internal energy AU = 418 J. How 100 

much heat has been absorbed? 


Solution 


For an isothermal process, work done in an expansion is 
given by 
Vy 
w=- J pdV 
Yi 
Given that p = 10/V; V, =10 Land V,=100 L. Substituting 
in the equation, we get 


= -10In oO 10 x 2.303 log10=23.03 Latm =— 2332.9 J 


According to the first law of thermodynamics, AU = q +w 
or q=AU-w 
Given that AU = 418 J and w = —2332.9 J, therefore 


q = 418 — (-2332.9 J) =2.76 kJ 


Solved Example | 7-9 | 


Consider the reaction between aqueous solutions of bak- 
ing soda, NaHCO,, and vinegar, CH,COOH. 
NaHCO, (aq) +CH,COOH(aq) > 
CH,COONa(aq)+H,O(1)+ CO, (g) 
If this reaction occurs at atmospheric pressure (p = 1 atm), 
how much work, expressed in L atm, is done by the system 


in pushing back the atmosphere when 1.00 mol NaHCO, 
reacts at a temperature of 25°C? 


Solution 
This is a reaction that produces 1 mol of a single gaseous 


product, CO,. Furthermore, this mole, a pasqous rodu 


forms from non-gaseous materials. The volume that will 
be occupied by this gas, once it is formed, can be found by 
application of Charles’ law: 


Las 
Tl 7, 
298 K 
or V, 2224 Lx eos L 
273 K 


The work done by the system in pushing back the atmos- 
phere on forming the products is 


w=— pAV =—(1.00 atm)(24.5 L)=—24.5Latm 
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Solved Example | 7-10) 


If 22 g of CO,, showing ideal behavior, expand isother- Given that V,=2.5L; V,=75 L; T=27°C =273 + 27=300K; 
mally and reversibly from 2.5 L to 75 L at 27°C, then cal- R=8.314JK™'mol" and n = 22/44 = 0.5 mol. Substituting 


culate the work done and heat absorbed. these values in the equation, we get 
eS) 
Solution w = 2.303 x0.5 x 8.314 x 300 x log = = -1370.3 J 
For an ideal gas, work done in isothermal and reversible According to first law of thermodynamics, AU = q+w 
expansions is given by Since AU = 0 for an ideal gas undergoing reversible iso- 
w=-—nRT In Va ~2.303 nRT log ia thermal expansion, g = —w = +1370.3 J. 


7.6 | ENTHALPY OR HEAT CONTENT, H 


Most of the chemical reactions in gaseous state proceed under constant atmospheric pressure, so thermodynamic 
changes need to be evaluated at constant pressure conditions. Consider a change in the system from initial state (1) 
to the final state (2), carried out at constant pressure. The amount of heat absorbed during the process is g and the 
volume increases from V, to V,. Then, according to first law of thermodynamics, we have 


AU =q+w=q, — pAV 


Here, q, represents the heat absorbed by the system at constant pressure and pAV represents the expansion work done 
by the system. The equation can be rewritten as 


U,-U,= dp =P, =¥) 
On rearranging, we get 
g, =(U, —U,)+ p(V, -V,) (79) 
Equation (79) can be rewritten as 
Co (U, + pV,)—-(U, + pV,) =H, -H, = AH 


The quantity U + pV is known as heat content or enthalpy (H) of the system and AH is the enthalpy change for the 
process. Since U, p and V are state functions, H must also be a state function, that is, it does not depend on the path 
followed to reach the final state. 


Mathematical Derivation of AH 

Enthalpy (#) is defined as change which relates to heat capacity constant pressure. It is given by 
H=U+pV 
dH = d U +d(pV) 


FYI) Fin) 
Therefore, 
dH = f(p. V,T) 


Since equation of state exists, so dH can be expressed as f(p, V) or f(V, T) or f(p, T) 
Thus, dH = f(p, T). As H is a state function, so 
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Now, 
) 
(=) : (#) apt 
Oy , oT ), 
Therefore, 
dH =nC,dT + =) re (710) 
QD jr 
Equation (710) can be simplified for the following cases: 
1. For an ideal gas. 
H=U+pV 
H = U+nRT 


> > > 
FT) f(T) f(r) 


Therefore, 
(=) =0  [asH=(T)] 
op ), 
dH =nC dT 


This is the most commonly used expression for calculation of AH. 
2. For a real gas undergoing isobaric process. 
Here, dp = 0. Therefore, 


dH =nC,dT 


(2) =0 
Op ), 


Because there is only external pressure acting on solid and liquid and it does not affect properties of solid. 
Therefore, 


3. For solids and liquids. 
Here 


dH =nC,dT 
Change in enthalpy of a system from state 1 to state 2 can be expressed as 
AH = H,-H, 
Substituting values for initial and final states, we get 


AH =(U, + p,V,)-(U, + p,V,) = (U, -U,) + (P,V, - PV,) 


or AH = AU+ ApV 
At constant pressure conditions 

AH =AU + pAV GA) 
or AH = AU+w 


Comparison of Eq. (711) with the expression for first law [Eq. (71)] shows that enthalpy can be equated with energy 
supplied as heat (or absorbed) at constant pressure, that is AH = q,. 
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At constant volume, no pressure-volume work is done, so pAV = 0 and the expression for enthalpy becomes 
AH = AU =q, 


For solids and liquids, AV is very small; therefore, pAV is insignificant and AH = AU. For gases, AV and hence pAV have 
significant values, therefore at constant pressure, AH > AU. In chemical reaction involving gases, we have 


AV = x V sie =, by Viecaciauig = Ng Va = nyVa 


where n, is the stoichiometric coefficient of all products, n, is the stoichiometric coefficient of all reactants, V, is molar 
volume of products and V, is the molar volume of reactants. For an ideal gas, pV = nRT. For one mole of gas, 


_RT 
Pp 
Substituting for V in the above equation, we get 
RT RT 
AV =n, ———n, — 
Pp 
or pAV =n,RT —n, RT = (ng —n,)RT = An, RT 
where An =n, — n,. Therefore, 
AH = AU + pAV = AU + An, RT (712) 


where An is the difference between stoichiometric coefficients of all gaseous products and all gaseous reactants. It is a 
number and does not represent moles. This equation is useful for calculating AH from AU. 


Relationship between AU and AH 


We have that 
AH = AU + ApV 
Therefore, 
AH = AV + (p,V,-p,V;) 
This equation is always applicable. Now let us consider the following cases: 
1. For a substance undergoing physical or chemical change: 


(a) For any ideal gas 
AH = AU+A(pV)= AU+nRAT 


Therefore, nC, AT = nC, AT +nRAT 
and C,=C, +R 
(b) For solids and liquids: 


AH = AV + A(pV) 
Here, A(pV) < AU, therefore, 


AH = AU 
or C,=¢, 
2. For chemical or phase change 
(a) For reactions involving at least one gaseous component: 
(i) If gases are assumed to be ideal gases 


AH = AU +A(pV)= AU+ A(nRT) = AU + An,RT 
as temperature is constant. is 5 5 
n, = =n 9) — DNovreactants 
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where n, is number of gaseous moles. 
(ii) If gases are assumed to be real gases 


For example, 


7.6 | Enthalpy or Heat Content, H 


co, Co, 


(1M) 


AH 
or AH 


(b) For reactions involving solids or liquids 


(P2V2) 


=AU+A(pV) 
= AU + (p,V,—- p,V;) 


A(pV)=0 
AH = AU 


Solved Example 7-11 | 


Calculate the difference in AH and AU for combustion of 
methane at 25°C. 
Solution 
The combustion reaction of methane is given by 
CH,(g) + 20,(g) > CO,(g) + 2H,O(1) 


The enthalpy change in the reaction is expressed as 


AH = AU +An,RT 
An=1=042)2-9 

Therefore, AH = AU -2RT 

Given that T = 273 + 25 = 298 K and R=8.314J K™ mol". 


Substituting these, we calculate the difference in AH and 
AU as 


AH — AU = -2 8.314 x 298 = —4955.14 J =-4.95 kJ 


where An, from the reaction is 


Solved Example 7-12 | 


Calculate the work done when 1 mol of zinc dissolves 
in hydrochloric acid at 273 K in (a) an open beaker; 
(b) a closed beaker at 300 K. 


Solution 


The reaction involved is 
Zn(s) + 2 HCl (aq) > ZnCl,(aq) + H,(g) 


1 mol 1 mol 


(a) From one mole of zinc, the number of moles of H, 
gas evolved = 1 mol. 


Hence, volume of hydrogen gas evolved = 22.4 L (at 
STP when p = L atm and T= 273 K). Work done is 
w=-pdV =-1x22.4L atm 


=-22.4x eau = 
0.082 


2271.14 J 


(b) For a closed system p,,, = 0, therefore, w = 0. 


Solved Example 7-13 


Consider 100 mL of a liquid contained in an isolated con- 
tainer at a pressure of 1 bar. The pressure is steeply increased 
to 100 bars. The volume of the liquid is decreased by 1 mL at 
this constant pressure. Find the AH and AU. (IIT-JEE 2004) 


Solution 
We know that at constant pressure conditions 


AH =AU +A(pV) 


where ApV = p,V,-piV, 


Given that p,=1 bar, V,= 100 mL, p,=100 bar, V,=99 mL. 
Substituting, we get 
ApV =100x99—1x100=9800 mL bar 
=980J (as1L bar=180 J) 


So, AH =10+980=990 J 
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Solved Example 7-14 | 


For the reaction, 
2CO + O, > 2CO,; AH = -560 kJ 


Two moles of CO and one mole of O, are taken in a con- 
tainer of volume 1 L. They completely form two moles 
of CO,, the gases deviated appreciably from ideal behav- 
ior. If the pressure in the vessel changes from 70 to 40 
atm, find the magnitude (absolute value) of AU at 500 K. 
(1 Latm =0.1 kJ) (IIT-JEE 2006) 


Solution 
From the definition of enthalpy, we have 


AH =AU + A(pV) = AU + VAp + pAV 


As at constant volume AV = 0, so 


AU =AH — VAp =-560 + 1 x 30 x 0.1 =-557 kJ 


Solved Example 7-15 | 


The reaction 
2N,O(g) > 2N,(g)+0,(g) 


has AH® = -163.14 kJ. What is the value of AU for the 
decomposition of 180 g of N,O at 25°C? If we assume 
that AH does not change appreciably with temperature, 
what is AU for this same reaction at 200°C? 


Solution 


We knowthat AH=AU+ An, RT 


AU =AH -An, RT 
Given that R = 8.314 J K' mol’, AH = -163.14 kJ mol", 
T = 25 + 273 =298 K, An, =3-2= 1 mol. 


For 180 g N,O, first calculate the number of moles of N,O 
and then how many kJ of energy will be released for that 
many moles of N,O. Substituting the values, we have 


AU =-163.14kJ—(1mol)(8.314 x 310°kJ mol 'K™)(298K) 
=—165.62 kJ 


Numb f mol N,O = 180 der). 206 i 
a ee El AO ENO) 
N,O 
Amount of energy released = 4.09 mol nof FES) 
= 338 kJ 2 mol N,O 


Now, for T= 200°C = 200 + 273 = 473 K, 


AU =-163.14 kJ — (1 mol)(8.314 x 10° kJ mol! K")(473 K) 
= -163.14 kJ -3.93 kJ 


At 200°C, AU jy. = -16707 kJ for 1 mol of N,O 


For 180 g N,O, 4.09 mol N,O reacts, so the amount of 
energy released at 200°C is 


—167.07 kJ 


4.09 mol N,O | —————— 
2 mol N,O 


=-341 kJ 


7.7 | EXPANSION AND COMPRESSION OF AN IDEAL GAS 


We shall use the first law of thermodynamics to calculate the changes in thermodynamics properties when an ideal 
gas undergoes the process of isothermal or adiabatic expansion (or compression) and determine the expressions for 
work done in each case. We will also use first law to determine heat changes in isobaric and isochoric processes. The 
pressure-volume work done by an ideal gas in these processes is depicted in Fig. 714(a). Figure 714(b) graphically 
represents expansion and compression of an ideal gas under isothermal and adiabatic conditions. 


Expansion C ; 
i ompression 
Isobaric process a 
®o o io) 
5 5 Isothermal 2 
a Isothermal process % 
a Adiabati . = 
; labDatic process Adiabatic 
Isochoric process 
> > 
Volume Volume Volume 
(a) (b) 


Figure 7.14 (a) Pressure-volume chanhgé in Gatieus processes: (bp isetherraal Gnd adiabatic expansion and compression. 
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Isothermal Expansion or Compression 


In an isothermal expansion or compression process, the temperature of the system remains constant throughout the 
expansion or compression process. Since for an ideal gas, U depends only on temperature [Joule’s law, ((0U /dV), =0)] 
it follows that dU =0 or AU = 0. Substituting this in the first law of thermodynamics, we get 


dq=-dw or q=-w 


Hence, in an isothermal expansion or compression process, heat is converted into work and vice versa. Thus if heat is 
supplied to the system (q positive), an equivalent amount of work is done by the system (w negative), and if some work 
is done on the system (w positive), the equivalent amount of heat is given out (q negative). 

The enthalpy change of the system in isothermal expansion or compression is also zero as 


AH = A(U + pV) = AU + A(pV) = AU + A(nRT) = AU +nR(AT) =0+0=0 


so, AU = AH =0.The magnitude of w (or g) depends on how the expansion or compression process is carried out. For 
this, two different types of processes may be distinguished, namely, reversible and irreversible discussed in Section 71. 
The changes in q,w, AU and AH in these two types of processes are explained as follows. 


Reversible Expansion or Compression Process 


The expression for the work involved in an isothermal expansion from volume V, to V, has been derived in Section 73 
as follows: 


w= —nRT { Y= -nk71 a 
Yi V 1 
In terms of pressure, we have 
w =—nRT In 
P2 


Similarly, for an isothermal reversible compression, the expression can be derived as 


PE seme ogre ee 
V, P2 


Irreversible Expansion or Compression Process 


Two types of irreversible changes in volume may be distinguished, namely, expansion against a zero pressure (free 
expansion) and expansion or compression against a constant pressure (intermediate expansion or compression). The 
changes in qg, w, AU and AH for these processes are given as follows: 


Free expansion: Here p,,, = 0. Therefore, w = Jaw = -| Pex, UV = 0. Thus, g =—-w =0 or AU= AH =0. 


Intermediate expansion or compression: Here, the work is done against a constant pressure. Therefore, 


V5 
w= -| Pex dV = Pal Vs Vi) 
Yi 
Hence, in the present case we have 
qd=—-W= Pp. (V,—V,) and AU = AH =0 


It may be mentioned here that the magnitude of work involved in an intermediate expansion process will be less than 
that involved in the reversible expansion. This is because for an irreversible process, p,,, is always less than the pressure 
of the gas (p) whereas both the quantities are nearly equal in a reversible process. The maximum work obtained from 
a system in isothermal expansion is when p = p,,,. When p,,, becomes greater than pressure of the gas, compression 
takes place. 
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The work involved in the intermediate compression process is larger than that involved in the reversible compres- 
sion because p,,, > p whereas these are nearly equal in a reversible process. Consequently, more heat will be released 


in case of intermediate compression. 


Solved Example 


One mole of an ideal gas at 300 K is heated at constant 
volume (V,) until its temperature is doubled, then it is 
expanded isothermally till it reaches the original pres- 
sure. Finally, the gas is cooled at the constant pressure 
till system reached to the half of original volume (V,/2). 
Determine the total work done (w) in calories. [Use In 2 = 
0.70, R =2 cal K" mol] 


Solution 


The temperature, pressure and volume conditions at each 
of the points A, B, C, D as shown in Fig. 715 are 


A (PV pT),B (201,27), C(Py,2V,2T,),D (2 pt E] 
The total work done is given by W,.4; =Wap +Wpe tWep 


For isochoric change (AB), w,, =0. 


For isothermal expansion (BC), 


goa 1x RxaTn{ 27 }=--2%.2x300%0.7=—840a 
V, 


1 


For isobaric change (CD), 


7 
Wep =— p, AV =— RAT = Rf 2, | 


= = RT, = $2300 = 900 cal 


Therefore, Wrotal= — 840 + 900 = 60 cal 
p 
A 
B 
DA Cc 
V 
Figure 7.15 


Solved Example 


Calculate the maximum work done when 0.5 mol of a gas 
expands isothermally and reversibly from a volume of 2 L 
to 5 Lat 27°C. What is the change in internal energy if 200 
cal of heat is absorbed? 


Solution 


For a reversible isothermal expansion process, the work 
done is given by 


w= wert 
Vi 


Given that n = 0.5 mol, V, =2 L:, V,=5 L, T=273+27= 
300 K and R = 1.987 cal K™ mol”. Substituting these 
values in the equation, we get 


max 


Winax = 0.5x1.987300in{ > | 


=0.5 x 1.987 x 300 x 0.916 = 303.4 cal 
According to first law of thermodynamics, for isothermal 
expansion 


q=AU+w 
Given that gq = 200 cal. Substituting values of g and w in 
the above equation, we get 
AU = 200 -303.4 = -103.4 cal 


Solved Example 7-18 | 


1 mol of an ideal gas undergoes reversible isothermal 
expansion from an initial volume V, to a final volume, 10 V,, 


(a) Calculate V,, (b) If there were 2 mol of gas, what must 
have been its temperature? (IIT-JEE 2001) 
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Solution Substituting value of pressure in expression for work, 
h 
(a) For reversible isothermal expansion, Veen 107 
V; P -10 x 10°=-2.303 x 1 x 8.314 x T log — 
w=-2.303nR lee = 2.303 nR log — 10 
1 P2 


Solving, we get T = 522.27 K. Substituting in the gas 
equation pV =nRT, 


1x10’ x V,=1 x 8.314 x 522.27 
or V, =4.34 x 107% m* 


At constant T, p,V, = p,V,, therefore, 
1x10’ XV, =p, x10V, = p, = 10° Pa 


522.27 


(b) For 2 mol, T= =261.13K 


Adiabatic Expansion or Compression 


In adiabatic expansion or compression process, heat is neither allowed to enter nor leave the system. Therefore, g = 0. 
So, from the first law of thermodynamics, AU = q + w, we have AU=w. 

If there is an expansion, w will be negative and, therefore, AU will be negative, that is, there will occur a decrease 
in the internal energy of the system and hence its temperature will fall. This amounts to the fact that the work is done 
by the system at the expense of internal energy. 

If there is a compression, w will be positive and, therefore, AU will also be positive, that is, there will occur an 
increase in the internal energy and, hence, its temperature will rise. Here, the work is done by the surroundings on the 
system, which is stored as the internal energy. 

Expression for q, w, AU and AH: We have seen above that gq = 0 and w = AU. The change in the energy can be 
calculated as follows: 

Writing the differential of U, we get 


But for an ideal gas (QU/0V), =0,so 


dU = (=) dT 
oT }, 
Hence, dU=nC,,,, dT. For a finite change, we have 
KU =O, —-U, =n, — i) (713) 
Thus, we have w= AU =nC (=F) (714) 


The change in enthalpy is given by 
AH = A(UU + pV) =AU+A(pV) = AU +nRAT 
= nCy (Ty ~ T, ) + nR(T, ~ T,) = A(Cy m + R)(T; = T,) 


or AH =nC,,,,(T, -T,) (715) 


p.m 


Expression as given above is applicable to any type of adiabatic processes (reversible, irreversible, free). However, the 
final temperature will be different in each case and hence w, AU and AH will be different. We proceed now to calculate 
these quantities for the two types of expression or compression processes, namely, reversible and irreversible. 


Adiabatic Reversible Expansion or Compression Process 


The total work done is given by 


Ww eg = ~) Pex dV = =| Pin dv 
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The integration in the above expression cannot be performed directly, because p;,,, is a function of both T and V and 
both variables are changing in an adiabatic expansion or compression process. However, if the final temperature is 
available, the value of g, w, AU and AH can be determined using Eqs. (713)—(715). 
However, if the final temperature is not available but the final pressure or volume is available, the first step to 


calculate the final temperature from the expression which relates the initial and final temperatures to the respective 
volumes or pressures. Such an expression can be derived as follows: 


1. Relationship between T and V: For an adiabatic process, the expression for the first law is 
dU=w 


Since AU =nC,,,,dT and dw = —p,,, dV, therefore, nC, ,dT =—p,,, dV. For a reversible process, 


Pext = Pint +dp = Pint 
Thus, nC, ,,dT = —p,,, dV. For an ideal gas, p,,, = (RT/V) or 


(Note that Cy,,, is molar heat capacity. The above equation will also be true for more than 1 mol of an ideal gas.) 
Thus, for a finite change, we have 


If C,,,, is considered independent of temperature, then 


Cz in 2 | =—-R inf 2) 
Li V, 
(oom -R 
or In (2 =In (72) 
T, ¥, 
Cum -R R 
or T, ie ee 
T, Vi V, 


Therefore, (T,)" x(V,)* =(F,)" xP 


or T" xV* = constant (7.16) 


Eq. (7.16) can also be written as 
TV*'“" =constant or TV = constant 


Substituting R=C, ,,— C;,,,, we get 


p,m 


or TV’ =constant (7.17) 


where Y= © ai Cyn 


2. Relationship between T and p: Replacing V in Eq. (716) by RT/p, we get 


R 

RT 

To 7} = constant 
P 


Cc = 
T-’" p-® =constant 
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The alternate forms of this expression are 


Tp = constant or T"'” p=constant 
Substituting R=C, ,,— C;,,,, we get 


p,m 


ip constant of 1” p— coustant (718) 


3. Relationship between p and V: Replacing T in Eq. (7.18) by pV/R, we get 


Cc Vim 
(2) V"® =constant 
R 


Cy c 
or p’"V ’" =constant 
The alternate form of this expression is 


pV” =constant (7.19) 


where y= C,,,,/C,,,,- After calculating final temperature from these expressions, we can use equation to calculate 


q,w, AU and AH. 
Adiabatic Irreversible Expansion or Compression Process 


Here again we consider two cases, namely, free expansion or and intermediate expansion or compression processes. 


1. Free expansion: In a free expansion, we have p,,, (V,— V,). Thus, dw =—p,,, dV = 0. Now, according to this reaction, 
we have dU =0. Since, for an ideal gas, internal energy is a function of temperature, it follows that the temperature 
of the gas after expansion remains unchanged. 


Now, dH =dU+d(pV) =dU+d(nRT) = dU +nRdT =0+0=0 


For finite change we will have w = 0, AU = 0, AT = 0, AH = 0. Comparing these changes in properties with those 
of the isothermal free expansion, we find that the adiabatic irreversible free expansion of an ideal gas is identical 
with the isothermal free expansion. 

2. Intermediate expansion or compression: Here, the work is done against a constant external pressure and is given by 


Ww =PalV, -V,) 
From the expression for first law for adiabatic process, we have 


w= AU =—p.x(V,—V,) 


For an ideal gas, AU is given by AU =a=nt,,,AT =1nC,,,0,=f) 
The expression for AH is AH =nC,,, AT =nC,,,,(T, -T,) 


p.m p,m 
Eliminating AT from above equations, we get 


AH =nC AV 2 aim sap ony 
_ nCy mn nCY, » 


This relation can be employed to calculate w and AV and from the given value of p,,,, V, and V,. Knowing AU we 
can calculate AH by using above equation. 
3. Calculation of temperature: In some expansion or compression processes, the value of p,,,, P;, P, and T, are pro- 


vided. In such a case, first of all we calculate the temperature of the gas after the expansion or compression. This 
can be done as follows: 


From the above equation we get 


nCy (Ty T,) = PoilNG V,) = Pou (V, =\,) 


https://telegram.me/unacademyplusdiscounts 


Chapter 7 | Chemical Energetics 
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nCy (Ty -T,) = Pa 


or Cv mn (7, = qT) = Pex 


nRT, nRT, 
Pi Pr 
RT, RT, 
Pi P2 


For a special cases, where p.,, = p> (the pressure of the gas after expansion), we have 


Cy mT =1)) -»,{ 


Cy im + RD} 
1-1 Vim ve.) 


Rearranging this, we get 


an Rh) 
Pi P2 


Cc 


pm 


After calculating 7, from this relation, if p,,, is not equal to p,, we can calculate AU and AH from above equation, 


respectively. 


Solved Example 7-19) 


A cylindrical container of volume 44.8 L is contain- 
ing equal number of moles of an ideal monoatomic gas 
in two sections A and B separated by an adiabatic fric- 
tionless piston as shown in Fig. 716. The initial temper- 
ature and pressure of gas in both sections is 273 K and 
1 atm. Now, the gas in section A is slowly heated till the 
volume of section B becomes (1/8)th of initial volume. 
Find the change in internal energy (AU) for section A in 
calories. 

Given that R = 2 cal mol K™; C,,,, of monoatomic 
gas = (3/2) R. At STP, ideal gas occupies 22.4 L. 


Solution 


The initial volume in both the sections is 22.4 L. The gas 
in section B is compressed reversibly and adiabatically, 
therefore, using Eq. (717), we have 


Frictionless adiabatic piston 


TV! "= Tvy" 
ae 
T, =T,| + =27,.34(8) "=41, 
V, 
The final pressure in section A is given by 


V, t, 
= — |x| — |=1x8x4=32 atm 
P2 o( Z| (2 


The final temperature in section A is given by 


i =f; [2:](F }-zr0s x & x 1.875=1638K 
Py 2 1 


Therefore, the change in internal energy of section A is 
given by 


AU ,=nC,,,AT = 0.1x5 RX(1638 —27.3)=483.21 cal 


Frictionless adiabatic piston 


The gas 
insection | Adiabatic A Adiabatic 
A is heated wall wall 
reversibly 
Initial state Final state 
Figure 7.16 


https://telegram.me/unacademyplusdiscounts 


discounts 


slan 
{ 


Telegram @unacademyplus 


ACAGCTNY PIlIUSQisCQ 


7.7 | Expansion and Compression of an Ideal Gas 


Solved Example | 7-20) 


Consider 2 mol of an ideal diatomic gas at 300 K and 
0.507 MPa to be expanded adiabatically to a final pres- 
sure of 0.203 MPa against a constant pressure of 0.101 
MPa. Calculate the final temperature. 

Solution 

For an adiabatic process g = 0. The work done is given by 

nRT, er.) 
P, P, 


w= Pex (V5 V,)= pal 


For an adiabatic process from first law, AU = w. Therefore, 


nC, (T,-T.) = pank( 2 ) (1) 


Pi Pr 


5 
For a diatomic molecule, C, 3 Substituting the 


expression of Cy, in Eq. (1), we get 


o( $x) -1)=pank| 2 7 Jon Scr 1) 
2 Pi Pr 2 


T, T. 
= Pext (2 4) 
Pr Py 


Substituting the given values, we get 


300 T, 
0.507 0.203 


Solving for T,, we get T, = 270 K. 


(7, -T,) =(0. ion | 


Solved Example 7-21 | 


A sample of argon gas at 1 atm pressure and 27°C expands 
reversibly and adiabatically from 1.25 dm’ to 2.50 dm’. 
Calculate the enthalpy change in this process. C,, ,, for 
argon is 12.48 J K' mo! (IIT-JEE 2000) 


Solution 

For an adiabatic reversible expansion, 
(1) x(V,)* =F)" x(V,)" 

T, RY, 


= — In 


or In — 
hu Gg Y, 


Isobaric and Isochoric Processes 


On substituting values and solving, we get 7, = 188.5 K. 
The number of moles of argon is given by 
— pV 1x1.25 


= = =0.05 mol 
RT 0.0821x300 


The enthalpy change is given by 
AH =nC,AT = 0.05 x 20.8 x (188.5 — 300) = 115.41 J 


For an isobaric process, the pressure (p) remains constant, when volume changes from V, to V, at temperatures 7, and 


T,, the work done is given by 


w=—pV, -V,)=—pAV 


The relation between heat absorbed at constant pressure and enthalpy change and internal energy change can be 
expressed in terms of molar heat capacity at constant pressure (C,) and constant volume (Cy), respectively, by the 


following equations: 


AH =q, = 


C,(7, -T) 


AU = 4g, +w=C,(T, -T,)- p(V,-V,) 
=C,(T,-T,)-R(L,-T,) (as pV = RT) 


or AU =C,(T, -T,) 
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For an isochoric process, volume remains constant, therefore, 


dV =0>w=-pdV =0. 


The relation between heat absorbed at constant volume and internal energy change and enthalpy change can be 
expressed in terms of molar heat capacity at constant volume and constant pressure, respectively, as 
qy =C,(T, -T,) 
AU=q,+w=C,(f,-T,) (asw=0) 


Therefore, AH = AU+A(pV)=C,(7, -T,)+ RU, -T,) (as pV = RT) 


or AH =C,(T, -T,) 


Solved Example | 7-22 | 


Calculate the enthalpy change when 36 g of water is Given that C, = 18.1 cal K™ mol", T, = 27 + 273 = 300 K, 
heated from 27°C to 37°C at 1 atm pressure. The molar 7, =37+273=310 K and n = 36/18 = 2 mol. Substituting 
heat capacity of water (18.1 cal K“ mol") remains con- _ values in the equation, we get 
stant in this temperature range. 

AH =2x18.1x(310—300)=36.2 x10 =362 cal mol"! 


Solution 


In an isochoric process, enthalpy change is given by 


AH =nC,(T) -T,) 


7.8 | JOULE-THOMSON EFFECT AND INVERSION TEMPERATURE 


In an ideal gas, pV is constant at any given temperature at all pressures. However, when real gases are allowed to expand 
into vacuum or low-pressure region through a fine hole, the temperature of the gas is lowered. This effect is known as 
Joule-Thomson effect. The effect is attributed to the fact that work is done by the gas to overcome intermolecular force 
during expansion. This causes a decrease in internal energy, and hence a decrease in the temperature of the gas. 

In the experimental setup for study of this effect, an insulated tube (adiabatic conditions) was fitted with a porous 
plug to allow gases to be kept at different pressures on either side. Volume V, of the gas at pressure p, was allowed to pass 
through the porous plug to a region where constant pressure is p, and volume of the gas became V, using two frictionless 
pistons at the end of the tube. Under such conditions, all gases, with the exception of hydrogen, experienced a cooling on 
expansion. Hydrogen was found to become warmer. The change in temperature was found to depend on initial tempera- 
ture and pressure of gas. The process is isoenthalpic or conducted at constant enthalpy and this can be shown as follows 


Work done by the system = —p,V, 
Work done on the system = p,V, 


From the first law of thermodynamics, 


AU =q+W =~—(p,V,— pV.) = P\Vi- PV, (as q=0) 


or U, -U, = pV, - pV, 
or U,+ p,V,=U, + pV, 
or A= 4, 
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The rate of change of temperature with pressure at constant enthalpy is called Joule-Thomson coefficient and is 
denoted by wu. 
v-() 
Op ) 4 


A study of Joule-Thomson coefficient for a gas at various temperatures and pressures reveals that at any given 
temperature, m decreases with increase in pressure and becomes negative when the pressure is increased to a high 
value. This suggests that gases cool on adiabatic expansion at lower pressure and undergo a heating effect at higher 
pressure. 

The pressure at which gases neither cool nor warm up on expansion, that is, 44 = 0 is called the inversion point. 
This point varies with temperature and for a given pressure, the temperature at which a gas on passage from higher 
to lower pressure through fine orifice does not undergo heating or cooling (u =0) is known as inversion temperature. 
At constant pressure, each gas shows two inversion temperatures, the upper and lower one, between which it under- 
goes cooling on expansion and beyond which it undergoes heating. Most of the gases are below their upper inversion 
temperature at room temperature, and hence, cool on expansion. Hydrogen on the other hand, at room temperature, 
is above the upper inversion temperature and heats up on expansion. 

In real gases, two cases may arise and these are discussed as follows: 


1. If attractive forces are dominant: In this case work has to be done against the internal forces. Potential energy 
of gas increases and thus kinetic energy decreases. This is because total change in internal energy = 0. Therefore, 
temperature decreases or cooling effect is observed. Here, 


AU = 0, AK.E. is negative and AP.E. is positive. Therefore, AT is negative and attractive forces dominate, so T < aE 


. : 2a 
where inversion temperature T, = 7 


2. If repulsive forces are dominant: In this case, during expansion, internal forces do work in pushing the piston. 
Therefore, potential energy of gas decreases and kinetic energy increases. Temperature increases or heating effect 
is observed. Here, AU = 0, AK.E. is positive and AP.E. is negative. Therefore, AT is positive and repulsive forces 
dominate, so 


pee 
bR 


7.9 | CALORIMETRY 


The amount of heat absorbed or released in a chemical reaction (heat of reaction) or a physical process can be meas- 
ured by a technique called calorimetry. The heat associated with the process is determined by measuring the change 
in temperature it causes in its surroundings by using an apparatus called a calorimeter. The heat capacity of the calo- 
rimeter in known and it is immersed in a given volume of the liquid. The heat evolved in the process is calculated by 
measuring the temperature change caused by the process in the calorimeter. 

Depending on the kind of reaction, the design of a calorimeter can be altered. The heats of reaction are meas- 
ured under conditions of either constant volume or constant pressure. If the reaction is carried out in a closed, rigid 
container, the heat of the reaction can be measured under constant volume (q,,) conditions. On the other hand, if the 
reaction is carried out in an open container, constant pressure (q,) conditions are maintained. 


AU Measurement 


The heat of reaction at constant volume is measured in a bomb calorimeter shown in Fig. 717 It is so called because 
the steel container in which the reaction is carried out resembles a small bomb. The container is immersed in a water 
bath and a constant temperature is maintained till the moment reaction occurs by adding or removing heat from water. 
The calorimeter is generally used to measure the heat of combustion of a combustible substance by burning it in pure 
oxygen supplied to the steel container. 

The volume of the reaction chamber is fixed, so pAV must equal zero for reactions. The walls of the container are 
rigid, so the change in volume, AV, is zero when the reaction occurs. The heat is thus absorbed at constant volume. As 
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Figure 7.17 Bomb calorimeter. 


Figure 7.18 Calorimeter. 


pAV is zero, and no expansion work is done, so w in equation AU = q,,+ w is also zero. Therefore, the heat of reaction 
measured in a bomb calorimeter is the heat of reaction at constant volume, q,, and corresponds to AU. 


AU =q, 


AH Measurement 


An apparatus to measure heat change at constant pressure is a calorimeter, made of two nested and capped cups made 
of styrofoam (which is a very good insulator) (Fig. 718). This calorimeter is also known as coffee cup calorimeter. The 
change in temperature is fast and can be measured very easily. We can use the relation to find the heat of reaction at 
constant pressure, if we have determined the heat capacity of the calorimeter and its contents before the reaction. 


q, =C,AT = AH 


The cup made up of styrofoam and the thermometer absorbs negligible amount of heat that can be ignored. 


Solved Example | 7-23 | 


When 1 g of olive oil was completely burned in pure oxy- 
gen in a bomb calorimeter, the temperature of the water 
bath increased from 22°C to 26.049°C. How many dietary 
calories are present in olive oil, per gram? The heat capac- 
ity of the calorimeter is 9.032 kJ°C™'. 

Assume that olive oil is almost pure glyceryl trioleate, 
C,,H,,,O,. The equation for its combustion is 


C5,H yO, + 800, — 57CO, +52H,O 
Also calculate the change in internal energy, AU, for the 
combustion of one mole of glyceryl trioleate. 
Solution 


First, let us compute the heat absorbed by the calorimeter 
when 1 g of olive oil is burned: 
catorimeter =CAT = (9.032 KPC") x (26.049 °C — 22.000 °C) 
= -36.57 kJ 


Changing the algebraic sign gives the heat of combustion 
of 1 g of olive oil, g, = 36.57 kJ. We convert to kilocalories 
(kcal), which are equivalent to dietary calories (cal): 


sr 8.740 cal g* oil 
1x 4.1841 


Thus, 8.740 dietary calories are released when 1 g of olive 
oil is burned. For calculating the internal energy change, 
we will convert the heat produced per gram to the heat 
produced per mole, using the molar mass of C.,H,,,O,, 
885.39 ¢ mol”: 


65 x = = ~3.238 x 10" kJ mol 
x 


Since this is heat at constant volume, we have 
AU = qy = 3.238 x 10° kJ 


for the combustion of 1 mol of C.,H,,,0,. 
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Solved Example | 7-24 | 


A 1.5 g sample of carbon is burned in a bomb calorimeter 
which has a heat capacity of 8.930 kJ°C™. The tempera- 
ture of the water jacket rises from 20°C to 25.51°C. What 
is AU for the combustion of 1 mol of carbon? 


Solution 


Heat absorbed by calorimeter = (25.51 — 20.00)( $50 = 
49.2 kJ 1 


The number of moles of carbon, n = 1.50 x (ar) = 
0.125 mol 12.01 


The internal energy per mole of carbon is AU = Bic ae 


394 kJ mol 0.125 


Solved Example 7-25 | 


The reaction of hydrochloric acid and sodium hydroxide 
is very rapid and exothermic. The equation is 


HCl(aq) + NaOH(aq) > NaCl(aq)+H,O 


In one experiment, a student placed 50 mL of 1 M HCl 
at 25.5°C in a coffee cup calorimeter. To this was added 
50 mL of 1 M NaOH solution also at 25.5°C. The mixture 
was stirred, and the temperature quickly increased to a 
maximum of 32.2°C. What is AH expressed in kJ per mole 
of HCl? Because the solutions are relatively dilute, we 
can assume that their specific heats are close to that of 
water, 4.18 J g'°C"'. The density of 1 M HClis 1.02 g mL™ 
and that of 1 M NaOH is 1.04 g mL". 


Solution 


For the HCI solution, the density is 1.02 g mL" and we have 
1.02 


Mass (HCl) = x50=512 
Similarly, for the NaOH solution, the density is 1.04 g mL” 
and mass is a x 50=52 g 


The mass of the final solution is, thus, the sum 103 g. The 
reaction changes the system’s temperature by (T,— T;), so 


AT = 32.2-—25.5 =6.7°C 


Now we can calculate the heat absorbed by the solution 
using the following relation: 


Heat absorbed by the solution = Mass x Specific heat x AT 
= 103x4.18x6.7 


=2.9x10? =2.9kJ 


Changing the sign gives the heat evolved by the reaction, 
q, = —2.9 kJ. For calculating AH in kilojoules per mole of 
HCI, we calculate the number of moles of HCI in 50 mL 
of HCl solution (0.05 L) as 


0.05 x - = 0.05 mol HCl 


The neutralization of 0.0500 mol of acid has q,=—2.9 kJ. 
To calculate the heat released per mole, AH, we simply 
take the ratio of joules to moles. 


AH per mol of HCl = = -58 kJ mol HCl 


Thus, AH for neutralizing HCl by NaOH is —-58 kJ mol" 
HCL. 


Solved Example | 7-26 | 


When pure sulphuric acid dissolves in water, large amount 
of heat is given off. To measure it, 175 g of water was placed 
in a coffee cup calorimeter and chilled to 10°C. Then 4.9 g 
of sulphuric acid (H,SO,), also at 10°C, was added, and the 
mixture was quickly stirred with a thermometer. The tem- 
perature rose rapidly to 14.9°C. Since the solution is dilute, 
assume that the value of the specific heat of the solution is 
4.184 J g"'°C™ (same as that of water), and that the solution 
absorbs all the heat evolved. Calculate the heat evolved in 


kilojoules by the formation of this solution. Also calculate 
the heat evolved per mole of sulphuric acid. 


Solution 


The heat released in the process is given by 
q = Mass x Specific heat x AT 
= (175 + 4.9) x 4.184 x (14.9 — 10) 
=37* 10) T=3.7 ki 
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This should then be converted to a value representing kJ 1 

per mole of reactant, remembering that the sign of AH is n=4.90 x (sae) = 5.00 x 10° mol 
to be negative, since the process releases heat energy to ‘ 

surroundings. The number of moles of sulphuric acid is: and the enthalpy change per mole is given by 


AH= ee 74kJ mol"! 
0.05 


7.10 | THERMOCHEMISTRY 


The study of energy or heat changes accompanying a chemical reaction or a physical change is called thermochemistry. 
A chemical reaction or physical transformation such as phase change is accompanied by evolution or absorption 
of heat, that is, to say that all physical or chemical changes cause conversion of chemical energy to heat energy or 
vice versa. Reactions which involve absorption of heat are called endothermic reactions, whereas reactions involving 
release of heat are called exothermic reactions. 


Enthalpy Changes During Phase Transformations 


Transition from one phase to the other involves energy changes, for example, ice melts on heating. The phase 
transformations occur at constant (atmospheric) pressure and constant temperature, and thus, we have specific 
melting or boiling points of substances. The enthalpy changes accompanying different phase changes are described 
as follows. 


1. Heat (enthalpy) of fusion: It is the enthalpy change of the system when one mole of a solid substance is con- 
verted into the liquid state at its melting point. For example, when ice melts at 0°C, the heat of fusion is AH;,, = 
+ 6.00 kJ mol". 


fus 


H,O(s) > H,O(1) 


2. Heat (enthalpy) of vaporization: It is the enthalpy change of the system when one mole of liquid is converted into 
vapor or gaseous state at its boiling point. For example, when water boils to form steam, the heat of vaporization 
is AH? =+ 40.79 kJ mol. 


vap 
H,O(1) > H,O(vap) 


3. Heat (enthalpy) of sublimation: It is the enthalpy change when one mole of a solid is directly converted into the 
gaseous form at a temperature below its melting point. For example, the heat of sublimation for iodine is AH? = 
+ 61.1 kJ mol". 


L(s)> L(g) 
Some characteristic features of enthalpy changes accompanying phase transformations can be listed as follows: 


1. When a substance is heated, its temperature rises and it eventually undergoes a phase transformation. The heat is 
required to overcome the intermolecular interactions which are in the order solid > liquid > gas. 


2. The phase transition takes place at constant temperature under constant (atmospheric) pressure. 
3. The phase transformation represents equilibrium between two physical states. 


4. The magnitude of enthalpy change depends on the nature of intermolecular forces in the substance. For exam- 
ple, substances in which molecules are held together by van der Waals (London) forces (e.g., methane) have 
lower enthalpies for vaporization; those with dipole-dipole interactions (e.g., acetone) have higher values 
and those with inter-molecular and intra-molecular hydrogen bonding (e.g., water) even higher. 


The standard enthalpies of vaporization of some substances are given in Table 72 along with types of attractive 
forces. 
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Table 7.2 Some typical heats of vaporization 


Substance AF yap(kJ mol’) Type of attractive force 
H,O +43.9 Hydrogen bonding and London 
NH, 421.7 Hydrogen bonding and London 
HCl +15.6 Dipole—dipole and London 

SO, 424.3 Dipole—dipole and London 

Ie, $5.9 London 

el +10.0 London 

Br, +15.0 London 

I, +22.0 London 

CH, +8.16 London 

CH: 415.1 London 

C,H, +16.9 London 

CH, $30.1 London 


Enthalpy of Formation 


It is the enthalpy change of a system when one mole of compound is formed from its constituent elements. It is 
represented as A-H or AH,. For example, for the formation of iron sulphide from iron and sulphur, the heat of 
formation is AH,=—24.0 kcal. 


Fe(s)+S(s) > FeS(s) 


Standard heat of formation is the enthalpy change when one mole of a compound is formed from its constituent ele- 
ments, at 298 K and one atmospheric pressure. It is represented as AH;. 

Standard enthalpies of formation for a variety of substances are given in Table 73. Notice in particular that all 
values of A,H° for the elements in their standard states are zero. Forming an element from itself, of course, does not yield 
a change in enthalpy. In most tables, values of A, H° for the elements are not included for this reason. 


Table 7.3 Standard enthalpies of formation of typical substances 


Substance A, H° (kJ mol") Substance A, H° (kJ mol") 

Ag(s) 0 H,0,()) —1876 

AgBr(s) -100.4 HBr(g) -36 

AgCl(s) -1270 HC\(g) ~92.30 

Al(s) 0 HI(g) 26.6 

ALO,(s) -1669.8 HNO,(I) =l7a2 

C(s, graphite) 0 H,SO, (1) —811.32 

CO(g) 1105 HC.H,O,(1) -4870 

CO,(g) -393.5 Hg(1) 0 

CH,(g) -74,848 Hg(g) 60.84 

CH,Cl(g) =32.0 L(s) 0 

CH,I(g) 14.2 K(s) 0 

CH,OH(1) ~238.6 KCI(s) —435.89 

CO(NH,),(s) (urea) —333.19 K,SO,(s) —1433.7 

CO(NH,),(aq) -391.2 N,(g) 0 

C,H,(g) 226.75 NH,(g) -46.19 
(Continued) 
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Table 7.3 (Continued) 


Substance A, H° (kJ mol") Substance A, H? (kJ mol") 
CH, (g) 52.284 NH,Cl(s) 315.4 
C,H,(g) 84.667 NO(g) 90.37 
C,H,OH(1) -27163 NO,(g) 33.8 
Ca(s) 0 N,O(g) 81.57 
CaBr,(s) 682.8 N,O,(g) 9.67 
CaCO,(s) —1207 N,O,(g) itl 
CaCL(s) -795.0 Na(s) 0 
CaO(s) 635.5 NaHCO,(s) ~9477 
Ca(OH),(s) ~986.59 Na,CO,(s) = hen 
CaSO, (s) 214327 NaC\(s) -411.0 
CaSO,:H,O(s) 1575.2 NaOH(s) 426.8 
CaSO,-2H,O(s) sional Na,SO,(s) -1384.5 
C1(g) 0 O,(g) 0 

Fe(s) 0 Pb(s) 0 
Fe,O,(s) Spe) PbO(s) £3199 
H,(g) 0 S(s) 0 
H,O(g) -241.8 SO,(g) ~296.9 
H,O(1) 285.9 SO,(g) ~395.2 


Enthalpy of Reaction 


The enthalpy of reaction is the amount of heat absorbed or evolved in a particular reaction, when the number of moles 
of reactants as represented by the balanced chemical equation change completely into the products. It is the difference 
between the heat content or enthalpies of the products and the reactants. It is represented as 


AH = Heat of products — Heat of reactants. 


A,H = Enthalpies of formation of products — Enthalpies of formation of reactants 


or AH = », q; A, products ys b, Te oe (7.20) 


The summation sign indicates that the enthalpies for all reactants and products are summed and a, and 5, indicate the 
stoichiometric coefficients of the reactants and products in a balanced chemical equation. For example, consider the 
reaction for preparation of ammonia 


N,(g)+3H,(g) > 2NH;,(g) 
The molar enthalpy for formation of ammonia is given by molar enthalpies of participating species. 
A, H = 2H,,(NH3, 8)— Hy, (N>, 8) + 3H, (2, g) 


The enthalpy of reaction varies with the temperature. When enthalpy of products is more than that of reactants, AH 
is positive. Heat will be absorbed during such a reaction, and the reaction will be endothermic. On the other hand, if 
the enthalpy of reactants is more than the enthalpy of products, AH is negative, heat will be evolved in such a reaction 
and the reaction will be exothermic. For a chemical reaction, the enthalpy change A,H will be negative for an exother- 
mic reaction as the system loses heat to the surroundings and positive for an endothermic reaction because heat is 


absorbed by the system. 
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The heat change for a reaction taking place at standard conditions of temperature and pressure, that is, 298 K 
and 1 bar, is called standard heat of reaction or standard enthalpy change and is denoted by AH”. All the participating 
substances (reactants and products) are in their standard states. For example, for the reaction CO(g)+40,(g) > CO,(g), 
AH® = 284.5 kJ mol”. 


Factor Affecting Enthalpy of Reaction 


The enthalpy of reaction would depend on a number of factors listed as follows: 


1. The physical state of reactants and products: It is important to specify the physical state of reactants and prod- 
ucts in the reaction, because the heat of reaction will vary when the reactants are in different physical states. 
The heat of reaction between reactants in gaseous state will be different from when they are in liquid or solid 
state. Stating the temperature and pressure conditions at which the rate of reaction is measured is also impor- 
tant because it will affect the physical state of reactants and products. 


2. Temperature: The heat of reaction varies with the temperature at which it is determined and the variation in 
the heat of reaction with temperature is given by Kirchhoff’s equation. Using this relation, we can find the 
enthalpy of a reaction at any temperature, if the value at some other temperature is given, along with the values 
of heat capacities for the reactants and products. For example, consider a reaction: 


A+B>C+D 
Enthalpy of the reaction is 


AH =(H. + Hy)—(H, + Hy) 


We can show that for a reaction taking place at constant pressure, 


— =AC, (721) 


where AC, is the difference in the heat capacities of products and reactants at constant pressure. Rearranging 
Eq. (721), we get 
d(AH) = AC, dT 


Integrating between the two values of enthalpy H, and H, at two different temperatures 7, and T,, we get 


H, Ty 
[ d(AH)= [ Ac, aT 
H, qT 
(AH, -AH,)= AC,(T,-T,) (722) 


Similarly, for reactions at constant volume, the relation can be expressed for change in internal energy with 
temperature as 


(AU, —AU,)= AC, (7, -T)) (7.23) 


We have 


H, T; 
[ d(AH) = [ Ac, aT 


H, 1, 


Case 1: If AC, is constant, then 


AH, - AH, = AC, (AT) 


Case 2: If AC, = f(T), then 


T 
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3. Quantity of reactants: The enthalpy of reaction increases with increase in number of moles of reactants. It is 
doubled when number of moles of reactants is doubled. 


4. Allotropic forms of reactants: The enthalpy of reaction is different for different allotropic forms of reactants. 
For example, the enthalpy of formation of carbon dioxide from graphite and diamond (both allotropic forms 
of carbon) is different. 


C(s) + O,(g) > CO,(g);AH = -393.4 kJ 
Graphite 


C(s) +0,(g) > CO,(g); AH = -395.4 kJ 
Diamond 
Relation between Enthalpy of Formation and Enthalpy of Reaction 
Consider the following reactions with their standard heats of formation: 


1. The standard enthalpy change when 1 mol of water is formed by combination of hydrogen and oxygen in their 
reference states is given by 
H,(g)+40,(g) > H,O(l); A, H°(at 298 K, 1 bar) = -285.9 kJ mol™ 
2. The standard enthalpy change when 1 mol of carbon dioxide is formed by combination of carbon and oxygen in 
their standard states is given by 
C(s, graphite) + O,(g) > CO,(g); A,H°(at 298 K, 1 bar) = -393.5 kJ mol 
3. The standard enthalpy of formation when methane is formed from its constituent elements in their standard 
states is given by 
C(s, graphite) + 2H,(g) > CH,(g);  A,H°(at 298 K, 1 bar) = -74.84 kJ mol” 


In the above examples, the heat of reactions (A,H) for water and carbon dioxide are —286 and -393.5 kJ mol", 
respectively. Thus, molar enthalpy of formation can be considered as a special case of heat of reaction in which 
1 mol of a compound is formed from its constituent elements. However, if we consider the formation of calcium 
carbonate from quick lime and carbon dioxide 


CaO(s) +CO,(g) > CaCO, (s); A,H°(at 298 K, 1 bar) = -178.3 kJ mol 


The heat of reaction in this case does not correspond to heat of formation of CaCO, because it is not being formed 
by its constituent elements as required by the definition. Similarly, consider the formation of ammonia from nitro- 
gen and hydrogen 


N,(g)+3H,(g) > 2NH,(g); A,H°(at 298 K, 1 bar) = —92.38 kJ mol” 


The heat of reaction, in this case, is also not equal to the heat of formation, even though ammonia is formed 
from its constituent elements. The reaction involves formation of 2 mol of ammonia, whereas by definition, heat 
of formation corresponds to enthalpy of formation of 1 mol of substance. However, we have from Table 73 that 
A, H° (at 298 K, 1 bar) = -46.19 kJ mol. Therefore, at 298 K and 1 bar 
A, H° =2AH? 
Thus, in a reaction if a number of moles (7) of a substance are formed from its constituent elements, then 
A, H°® =nAH; 


The expression for enthalpy of formation can be obtained by dividing the balanced chemical equation by n. 


Solved Example | 7-27) 


The heat evolved on combustion of 1 g starch (C,H,,O;), Solution 

into CO, and H,O(l) is 17.49 kJ g"'. Compute the enthalpy Giveadhat 

of formation of 1 gstarch. Given AH? of H,O(1) =—285.85 kJ 

mol", AH? of CO, =-293.7 kJ mol", H,+ 30, > H,O(1); AH? = -285.85kJ mol" 
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C+0,—> CO,() AH}? = -293.7 kJ mol 
Since the heat evolved on combustion of 1 g starch is 
1749 kJ, the heat evolved on combustion of 162n g starch 
is 1749 x 162n = 2833.38n kJ mol. 


The molecular weight of starch (C,H,,O;), = 162n. 
Therefore, for the reaction 

(C,H,,0;), + 6n O, > 6n CO, + 5n H,O; 

AH? = -2833.38n kJ mol! (1) 
For the reaction 


5n H, +40, + 6n C+ 6n O, > 5n H,O + 6n CO, 
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The heat of reaction can be calculated from the given 
heat of formation of H,O and CO, as 


A, H = 5nAH,(H,O) + 6nAH,(CO,) 


A, H = 5nx(-285.85) + 6n(—293.7) 


= 3191.45n kJ mol! (2) 
The heat of formation of starch can be calculated by sub- 
tracting Eq. (1) from Eq. (2) 
6n C+5nH,+ #0, + (C,H,,0,),; AH? =-358.07n kJ mol 


n> 


Heat of formation of 1 g of starch 
_ 358.07n 


= = —2.21kJ mol 
162n 


Solved Example | 7-28 | 


Estimate the maximum possible temperature of a Bunsen 
burner flame. Assume that the gas is pure methane and 
that it is premixed with sufficient air to permit complete 
combustion. Given that 

CH,(g) + 20,(g) > 2H,O() + CO,(g) A, Hog = —890.36 
kJ mol! 

H,O()) > H,O(g) A, Moog = 44.02 kJ mol"! 

C, of CO,(g) = 37.11 J K™ mol" 

C, of H,O(g) = 33.58 J K* mol™ 


Solution 


To calculate the temperature of the flame we have to con- 
sider adiabatic conditions where there is no loss of heat 
from the system. The rise in temperature can be calcu- 
lated by considering the reaction to take place in the fol- 
lowing two steps, both at constant pressure. 


Step 1: Reactants (7), p) — Products (7), p) A,H;, 
Step 2: Products (7), p) — Products (T;, p) A,H, 


T; 
A,H,= J C, (products) dT 
Ty 
Since the overall reaction is the sum of the above two 
steps, that is, the net heat change is given by 


AH =A,H,+A,H, 


Since the reaction is considered to be adiabatic, therefore, 


A,H=0. 
Thus, A,H, +A,H,=0 
or A, H, =-A,H, 
Te 
or -A,H,,=[C,dT 


Ty 
If C, is independent of temperature, then 


-A.H, 


A, Hy, 
»=C,G,-Th) or rm (1) 


At 298 K, we have 
A, Hoax = —890.36 + 44.02 x 2 = -802.32 kJ mol” 
For the reaction, 
CH,(g) + 20,(g) > 2H,O(g) + CO,(g) 


C, of products = 3711 + 2 x 33.58 = 104.27 JK" mol™ 
Substituting values in Eq. (1), we get 
_ 802.32 


=—— x 10° +298 =7995.59 K =8000K 
104.23 


T, 


7.11 | THERMOCHEMICAL EQUATIONS 


A balanced chemical equation that indicates the enthalpy change accompanying the reaction is called a thermochemi- 
cal equation. It gives the physical states of the reactants and products, and its AH® value is true only when the coeffi- 
cients of the reactants and products are taken to mean moles of the corresponding substances. For example, the following 
thermochemical equation is for the exothermic reaction of hydrogen and oxygen that produces water. 


2H,(g)+0O,(g) >2H,O(1) AH® =-571.8 kJ mol! 
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These equations can be multiplied, added or subtracted like ordinary algebraic equations. The corresponding enthalp- 


ies of reactions are also mathematically manipulated in the same way so as to give the overall enthalpy of reaction 
under consideration. 


Note: We must write down physical states for all reactants and products in thermochemical equations. The combus- 
tion of 1 mol of methane, for example, has different values of AH” if the water produced is in its liquid or gaseous state. 


CH, (g)+20,(g) > CO,(g)+2H,O(1); AH° =-890.5 kJ mol™ 
CH, (g)+20,(g) > CO,(g)+2H,O(g); AH® =-802.3 kJmol™ 


(The difference in AH” values for these two reactions is the amount of energy that would be released by the physical 
change of 2 mol of water vapor at 25°C to 2 mol of liquid water at 25°C.) 


Rules for Manipulating Thermochemical Equations 


1. If all the coefficients of an equation are multiplied or divided by the same factor, the value of AH® must likewise 
be multiplied or divided by that factor. To illustrate this, let us use the reaction between gaseous nitrogen and 
hydrogen that produces gaseous ammonia. 


N,(g)+3H,(g) > 2NH;(g);  AH® =—92.38 kJ mol! 


When specifically 1 mol of N, and 3.000 mol of H, react to form 2 mol of NH, at 25°C and 1 bar, the reaction 
releases 92.38 kJ mol’. If we were to make twice as much or 4 mol of NH, (from 2.000 mol of N, and 6 mol of H,), 
then twice as much heat (184.8 kJ mol) would be released. On the other hand, if only 0.5000 mol of N, and 
1.500 mol of H, were to react to form 1 mol of NH,, then only half as much heat (46.19 kJ mol) would be released. 
The thermochemical equations can be written as: 


2N,(g)+6H,(g) > 4NH;(g); AH° =-184.8 kJ mol! 
1N,(g)+2H,(g) > NH,(g); AH®° =-46.19 kJmol™ 


Because the coefficients of a thermochemical equation always mean moles, not molecules, we may use fractional 
coefficients. 

2. When an equation is reversed — written in the opposite direction — the sign of AH® must also be reversed. For exam- 
ple, the thermochemical equation for the combustion of carbon in oxygen to give carbon dioxide is 


C(s)+O,(g) > CO,(g);_ AH® =-393.5 kJ mol™ 
The reverse reaction would be the decomposition of carbon dioxide to carbon and oxygen. The law of conserva- 
tion of energy requires that its value of AH® equals +393.5 kJ. 
CO,(g) > C(s)+O,(g);  AH® =+393.5 kJmol™ 

In effect, these two thermochemical equations tell us that the combustion of carbon is exothermic (as indicated by 
the negative sign of AH”) and that the reverse reaction is endothermic and difficult to carry out. The same amount 
of energy is involved in both reactions; it is just the direction of energy flow that is different. We can reverse any 
thermochemical equation as long as we change the sign of its AH”. 

3. Enthalpy changes depend only on the initial and final states, not on the path between them. This gives a method 


for combining known thermochemical equations in a way that will allow us to calculate an unknown AH” for some 
other reaction. Let us revisit the combustion of carbon to see how this works. 


We can imagine two paths leading from 1 mole each of carbon and oxygen to 1 mol of carbon dioxide. 
One-Step Path: Let C and O, react to give CO, directly. 


C(s)+O,(g) > CO,(g); AH® =-393.5 kJ mol 
Two-Step Path: Let C and O, react to give CO, and then let CO react with more O, to give CO,. 
Step 1: C(s)+40,(g) ~ CO(g); AH°® =-110.5 kJ mol 
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Step 2: CO(g)+40,(g) > CO,(g); AH® =-283.0 kJmol™ 


Overall, the two-step path consumes 1 mol each of C and O, to make 1 mol of CO,, just like the one-step path. 
The initial and final states for the two routes to CO,, in other words, are identical. Because AH” is a state function 
dependent only on the initial and final states and is independent of path, the values of AH® for both routes should 
be identical. We can see that this is exactly true simply by adding the equations for the two-step path and compar- 
ing the result with the equation for the single step. 


Step 1: C(s)+40,(g) > CO(g); AH°® =-110.5 kJmol™ 
Step 2: CO(g)+40,(g) > CO,(g); AH® =-283.0 kJmol™ 
Overall reaction: | CO(g)+C(s)+O,(g) > CO,(g)+CO(g); AH® =-110.5+ (283.0) = -393.5 kJ mol™ 


The equation resulting from adding Steps 1 and 2 has “CO(g)” appearing identically on opposite sides of the 
arrow. We can cancel them to obtain the overall equation. 


Note: Such a cancellation is permitted only when both the formula and the physical state of a species are identi- 
cal on opposite sides of the arrow. 


The overall thermochemical equation for the two-step process, therefore, is 
C(s)+0,(g) > CO,(g);  AH® =-393.5 kJmol™ 


The results, are thus identical for both routes to CO, both chemically and thermochemically. 


7.12 | LAWS OF THERMOCHEMISTRY 


Lavoisier-Laplace Law 


It states that the enthalpy change accompanying a chemical process is same in magnitude but opposite in sign to the 
enthalpy change accompanying the same process in the reverse direction. This is also known as the first law of thermochemistry. 
For example, the formation of water from its constituent elements is an exothermic process with AH =—286 kJ mol whereas 
decomposition of water into its constituent elements is an endothermic process with AH = +286 kJ mol". 


H,(g)+ 50; (g) > H,O(1) AH =-286 kJ mol” 
H,O(1) > H,(g)+40,(g) AH = 286 kJ mol™ 


Hess’s Law of Constant Heat Summation 


Using the tools for manipulating equations, we should to be able to calculate AH” values simply by algebraic summing. 
G.H. Hess was the first to realize this so the associated law is called Hess’ law of heat summation or simply Hess’ law, 
which states that 

The heat absorbed or liberated in a given chemical equation is always constant and is the same whether the pro- 
cess occurs in one step or in several steps. 

Since AU and AH are state functions, the heat liberated or absorbed in a given reaction must also be independent 
of the way in which the reaction is brought about, that is, it depends only on the initial and final states of the system 
and not on the path followed to achieve that state. The value of AH” for any reaction that can be written in steps equals 
the sum of the values of AH” of each of the individual steps. 

For example, we can verify Hess’s law by considering the following thermochemical equations: 


4N,(g)+4+0,(g) > NO(g); AH° =+90.4 kJ mol 
NO(g)+40,(g) > NO,(g); AH°=-56.6 kJ mol" 
Suppose we add the two equations and then cancel anything that’s the same on both sides. 
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=N, (g)+ ee (g) > NO(g) 
NO(g)+30,(g) > NO,(g) 
7N,(g) +NO(g)+ 30,(g)+50,(g) > NO(g) + NO, (g) 


O>(g) 


Notice that we have combined the two +O, to give O,(g). Rewriting the equation gives 


zN,(g)+0,(g) > NO,(g) 


According to Hess’s law, we should be able to obtain AH” for this reaction by simply adding the AH” values for the 
equations we have added. 


AH® = (+90.4) + (-56.6) = +33.8 kJ mol™ 


In general, if the enthalpy of overall reaction reactants products is given by A,H and the reaction can also take place 
in n number of steps, with reaction enthalpy A,H,, A,H,, ..., A,H,, then 


A,H=A,H,+A,H,+---+A,H, 


The energy relationships among the 
alternative pathways for the same 


overall reaction are clearly seen 
using a graphical construction called 
an enthalpy diagram. Figure 7.19 is an 


C(s) + O,(g) 
AH? =—110.5 kJ | 
CO(g) +4 0,(g) 


AH? = 


enthalpy diagram for the formation 
—393.5 kJ 


of CO, from C and O,,. Each horizon- 
tal line corresponds to a certain total 
amount of enthalpy, which we can- 
not actually measure. We can meas- 
ure differences in enthalpy, however, 
and that is what we use the diagram 
for. Lines higher up the enthalpy 
scale represent larger amounts of 
enthalpy, so going from a lower line to a higher line corresponds to an increase in enthalpy and a positive value for AH” 
(an endothermic change). The size of AH® is represented by the vertical distance between the two lines. Likewise, 
going from a higher line to a lower one represents a decrease in enthalpy and a negative value for AH® (an exothermic 
change). 


Solved Example 7-29) 


Carbon monoxide is often used in metallurgy to remove Solution 
oxygen from metal oxides and thereby give the free metal. 
The thermochemical equation for the reduction reaction : 
of iron(II) oxide, Fe,O,, with CO is as follows: Step 1: The target equation must have 2Fe on the /eft, but 


; the first equation above has 2Fe to the right of the 
Fe,0,(s)+ 3CO(g) => 2Fe(s) +300, (8); arrow. So we begin by getting the iron atoms to 


jo " 1 
AHP =-283.0 kj ("| Total AH =-110.5 + (-283.0) = -393.5 kJ mol 


= | 


Figure 7.19 An enthalpy diagram for the formation of CO,(g) from its 
elements by two different paths. 


We can manipulate the two given equations as follows. 


AH® =-26.7 kJ mol come on right. We achieve this by reversing the 
Using this equation and the equation for the combustion equation and reversing the sign of AH", we have 
of CO, 
CO(g)+30,(g) > CO,(g); AH® = -283.0 kJ mol™ 2Fe(s) + 3CO,(g) > Fe,O,(s) + 3CO(g); 
Calculate the value of AH” for the following reaction A= 4967 nel 


2Fe(s) + 5O0,(g) > Fe,0,(s) 
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Step 2: There must be $0, on the left, and we must be 
able to cancel three CO and three CO, when the 
equations are added. On multiplying the second 
of the equations given above by 3, we obtain the 
necessary coefficients. We also multiply the value 
of AH” of this equation with 3, because three times 
as many moles of substances are now involved in 
the reaction. When we have done this, we have 


3CO(g) +50,(g) > 3CO,(g); 
AH® = 3x (-283.0 kJ) = -849.0 kJ mol"! 
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Adding both equations, we get 
2Fe(s)+ 3CO,(g) > Fe,O,(s) + 3CO(g); AH° =+26.7kJ mol * 
3CO(g)+30,(g) > 3CO,(g); AH® = -849.0 kJ mol! 

2Fe(s) + 30,(g)— Fe,O,(s); AH° =—-822.3 kJ mol 


Thus, the value of AH® for the oxidation of 2 mol Fe(s) 
to 1 mol Fe,O,(s) is -822.3 kJ mol". (The reaction is very 
exothermic.) 


Solved Example | 7-30 | 


For ethanol, C,H,OH, which is mixed with gasoline to 
make the fuel gasohol, AH, = -277.63 kJ mol". Calculate 
the number of kilojoules released by burning completely 
3.78 L of ethanol. The density of ethanol is 0.787 g cm”. 
Use data in Table 73 for values. 


Solution 


The combustion reaction is C,H,OH(l) + 30,(g) > 
2CO,(g) + 3H,O(1). The enthalpy of the reaction is 


AH® = (34H; (H,O(1)) + 24H; (CO, (g))] 
-[AH;(C,H,OH())) + 344;(O,(g))] 
= 3(-285.9 kJ) + 2(-393.5 kJ) 
—(-277.63 kJ) = -1367.1 kJ mol 
The heat released in burning completely 3.78 L of ethanol is 
3.785 L ~ mL | §) 1 mol (= =) 
1L 1mL /\ 46.07 g 1 mol 


= —88400 kJ 


Solved Example 7-31 | 


Given the following thermochemical equations: 
2NO(g)+0,(g) > 2NO,(g); AH® =—113.2 kJ mol 
2N,O(g)+30,(g) — 4NO,(g); AH° = —28.0 kJ mol™ 


calculate AH? for this reaction: N,O(g) + 0,(g) > 2NO(g) 


Solution 


First, we divide the second reaction by 2: 


N,O(g) + 40,(g) — 2NO,(g) AH =-14.0kJ mo! 
Now, reversing the first reaction, we get 


2NO,(g) > 2NO(g) + O,(g) AH = 113.2 kJ mol" 


Adding the above reactions, we get 

N,O(g) + 40,(g) > 2NO,(g) AH® =-14.0 kJ mol" 
2NO,(g) > 2NO(g) + O,(g) AH® = 113.2 kJ mol 
N,O(g) + $0,(g) > 2NO(g) AH? =+99.2 kJ mol" 


7.13 | ENTHALPIES OF DIFFERENT TYPES OF REACTIONS 


Enthalpy data for various types of reactions have been collated and is used for determining heat of reaction of any 
related reaction using Hess’s law. It is useful to classify reactions and associated enthalpies into different types, such as 
formation, neutralization, combustion, atomization and phase change reactions. 


Enthalpy of Neutralization 


It is the enthalpy change of a system when 1 g-equiv. of an acid is neutralized by 1 g-equiv. of a base (or vice versa) in 
a dilute solution. For example, in the following neutralization reaction AH =—5754 kJ mol”. 


HCl(aq) + NaOH(aq) > NaCl(aq) + H,O 
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Enthalpy of neutralization of a strong acid and strong base is — 5754 kJ mol, no matter which acid or base is employed. 
This is because it amounts to formation of water from its ions, and this value remains constant irrespective of the 
source of the ions. 


H*(aq)+OH (aq) > H,O(1) AH =-57.54 kJ mol"! 


However, in case of neutralization reactions where either the acid or base is weak or both are weak, the apparant value 
of heat of neutralization is less than 5754 kJ mol" (or 13.7 kcal). For example, consider the following reactions: 


CH,COOH(aq)+ NaOH(aq) ~ CH,COONa(aq) + H,O; AH = —56.1 kJ 


Weak Strong 
HCl(aq) + NH,OH(aq) > NH,Cl(aq) + H,O;AH =-51.5 kJ 
Strong Weak 
CH,COOH(aq)+ NH,OH(aq ) > CH,COONH, (aq) + H,O;AH = -49.8 kJ 
Weak Weak 


This can be explained on the basis that a part of heat released during neutralization is used for bringing about the dis- 
sociation of the weak acid or base, which is not completely dissociated in the reaction medium. 

Let us consider neutralization reaction between monobasic acids and monoacidic bases, such that SA = strong 
acid, SB = strong base, WA = weak acid and WB = weak base. Then enthalpy of neutralization between these can be 
summarized as: 


Case 1: 
SA+ SB > Salt+H,O 
(1mol) (1 mol) 
ATT ss cteatian = -572 kJ/mol 
WA + SB => Salt + H,O 
Case 2: 


SA + WB > Salt + H,O 


WA + WB = Salt + H,O 
AH = -572 kJ/mol + q 


neutralization 


where q is the heat required to ionize the weak components completely. Note that positive sign indicates that heat is 
required. 


Standard Enthalpy of Combustion (Symbol: A_H°) 


It is the enthalpy change when one mole of the substance is completely burnt in excess of air. The standard heat of combus- 
tion, AH”, of a substance is the amount of heat released when 1 mol of a fuel substance is completely burned in pure oxygen 
gas, with all reactants and products brought to 25°C and 1 bar of pressure. For example, the enthalpy change involved in burn- 
ing of carbon in presence of excess oxygen is given by AH = -395.65 kJ mol”. All carbon in the fuel becomes carbon dioxide 
gas, and all the fuel’s hydrogen becomes liquid water. Combustion reactions are always exothermic,so A.H” is always negative. 

The combustion of fuels such as petrol, cooking gas, kerosene, etc., produces heat that is used for cooking and running 
automobiles and machinery. The food consumed by living things also undergoes combustion in the body and yields energy 
for doing work. For example, athletes consume glucose for gaining instant energy because of its high heat of combustion. 


Enthalpy of Atomization (Symbol: A,H°) 


It is the amount of energy needed to break all the chemical bonds in 1 mol of molecules to give gaseous atoms as 
products. For example, the atomization of methane is 


CH,(g) > C(g)+4H(g); A,H° = 1665 kJ mol™ 


and the enthalpy change for the process is A,H°. For this particular molecule, AH corresponds to the total amount of 
energy needed to break all the C-H bonds in 1 mol of CH,; therefore, division of A,H° by 4 would give the average 
C-H bond enthalpy in methane, expressed in kJ mol’. For diatomic molecules such as dihydrogen, chlorine, oxygen, 
etc., the enthalpy of atomization is same as the bond dissociation enthalpy. 
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For substances in atomic state, the enthalpy of atomization corresponds to the enthalpy for phase change to gaseous 
state. For example, in the reaction 


Na(s) > Na(g); A,H° =108.4.0 kJ mol™ 


The enthalpy of atomization is the same as the enthalpy of sublimation (fusion + vaporization). 


H°) 
The formation of a solution is associated with energy exchanges because intermolecular attractive forces are impor- 
tant when liquids and solids are involved. The total energy absorbed or released when a solute dissolves in a solvent at 
constant pressure to make a solution is called the molar enthalpy of solution, or usually just the heat of solution, A, 7. 
Energy is required to separate the particles of solute and also those of the solvent and make them spread out to 
make room for each other. This step is endothermic, because we must overcome the attractions between molecules to 
spread the particles out. However, once the particles come back together as a solution, the attractive forces between 
approaching solute and solvent particles yield a decrease in the system’s potential energy, and this is an exothermic 
change. The enthalpy of solution, A,,H, is simply the net result of these two opposing enthalpy contributions. 
The heat of solution for a solid is the lattice enthalpy plus the solvation enthalpy. Let us see how by taking example 
of dissolution of an ionic/covalent solute in a solvent. For a solid dissolving in a liquid, it is convenient to imagine a 
two-step path. 


Enthalpy of Solution (Symbol: A 


sol 


Step 1: Vaporize the solid to form individual solute particles. The particles are molecules for molecular substances 
and ions for ionic compounds. The energy absorbed is the lattice enthalpy of the solid. 


Step 2: Bring the separated gaseous solute particles into the solvent to form the solution. This step is exothermic, 
and the enthalpy change when the particles from one mole of solute are dissolved in the solvent is called 
the solvation enthalpy. If the solvent is water, the solvation enthalpy can also be called the hydration 
enthalpy. 


The enthalpy diagram showing these steps for potas- 
sium iodide is given in Fig. 720. Step 1 corresponds to 
the lattice enthalpy of KI, which is represented by the 
thermochemical equation 


KI(s) > K*(g)+I-(g); AH°® = +632 kJ mol” 
Step 2 corresponds to the hydration enthalpy of gase- 


—619 kJ mol" 


os Ke and F ions +632 kJ mol" From hydration 
7 From lattice enthalpy being 
K*(g)+I°(g) > K*(aq)+I (aq); AH° =-619kJ mol enthalpy being released 
absorbed Step 2 
Lattice enthalpy: KI(s) > K*(g)+T (g); (Step 1) aks 


Dilute 
solution of 

1 mol Kl 
K*(aq) + Faq) 


+13 kJ mol! = AL ,H 


AH® = +632 kJ mol” 

Hydration enthalpy: K*(g) +I (g) > K*(aq)+T (aq); 

AH® =-619 kJ mol 

Total: KI(s) > K*(aq)+I- (aq); A, H°= +13 kJ mol 

Thus, the standard heat of solution is given by Formation 
A H°=A H+ Ad H° of solution is 


sol lattice hydration endothermic 
The enthalpy of solution is obtained from the 
sum of the equations for Steps 1 and 2 and is the 
enthalpy change when one mole of crystalline KI 
dissolves in water (corresponding to the direct path 
in Fig. 7.20). 


Pure 


sol 


Figure 7.20 Enthalpy diagram for the heat of solution of one 
mole of potassium iodide. 


KI(s)>K* (aq)+I (aq); A, 4° = +13 kJ mol™ 


sol 


The value of A, H° indicates that the solution process is endothermic for KI, in agreement with the observation that 
when KI is added to water and the mixture is stirred, it becomes cool as the KI dissolves. The solubility of most salts 
increases in water with increase in temperature. If the lattice enthalpy of the salt is high, the solubility of the substance 
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Solved Example | 7-32 | 


n-Octane, C,H,,(1), has a standard heat of combustion of 
5450.5 kJ mol. A 15 L automobile fuel tank could hold 
about 480 mol of n-octane. How much heat could be pro- 
duced by burning a full tank of n-octane? 


Solution 


Heat produced = caso snus 


} = 2.62 x 10° kJ 


Solved Example | 7-33 | 


Diborane is a potential rocket fuel which undergoes com- 
bustion according to the reaction, 


B,H,(g) + 30,(g) > B,O,(s) + 3H,O(g) 


From the following data, calculate the enthalpy change 
for the combustion of diborane: (IIT-JEE 2000) 


2B(s)+30,(g)>B,O,(s); AH =—1273kJ mol 
H,(g)+ 70; (g) > H,O(1); AH = —286 kJ mol” 


H,O(1) — H,O(g); AH = 44 kJ mol! 
2B(s) + 3H,(g) > B,H,(g); AH = 36 kJ mol" 


Solution 


From the given data, the heat of combustion reaction of 
diborane can be calculated as 


B,H,(g) + 30,(g) > B,O,(s) + 3H,O(g) 
A, H° = AH? (B,O,)+3x[AH? (H,O) 
+A, cfd” (H,0)] o AH; (B,H,) 
Now, A,t1 (H,0) =AH?(H,O)+ 44=-242 kJ mol” 


A. H° (B,H,) = -1273 + 3(-242) — 36 


Therefore, = -2035 kJ mol” 


Solved Example | 7-34 | 


The heat of combustion, A,H° of acetone, CH,COCH,, is 
1790.4 kJ mol". How many kilojoules of heat are evolved 
in the combustion of 12.5 g of acetone? (M. wt. of acetone 
= 58.077 g/mol) 


Solution 
Heat evolved = (12.5 g C,H,O) 


1 mol CH,COCH, 1790.4 kJ 
58.077 g CH,COCH, )\ 1mol CH,COCH, 


}- 385kJ mol" 


Solved Example | 7-35 | 


The enthalpy change for the combustion of one mole 
of a compound under standard conditions is called the 
standard heat of combustion, and its symbol is A,H°. 
The value for sucrose, C,,H,,O,, is -5.65 x 10° kJ mol. 
Write the thermochemical equation for the combustion 
of 1 mol of sucrose and calculate the value of AH? for this 
compound. The sole products of combustion are CO,(g) 
and H,O(I). Use data in Table 73 as necessary. 


Solution 


The enthalpy of combustion is given by AH = 
LA, H° (products) —ZA,;H° (reactants). Substituting val- 
ues, we get 


A. H° =[12 mol CO, xA,H°(CO,(g))+11 mol H,O 

x A, H°(H,0(1))] 
— [1 mol C,,H,,0,, x A; H°(C;,H,,0;,(s)) 
+12 mol O, xA,H°(O,(g))] 

Rearranging and realizing that A,H°(O,(g)) =0, we get 

A; H® (Cy, H,0;,(s)) = 124," (CO,(g)) 
+11A,;H°(H,O(1))-A,H° 
or 


A, H°(C,,H3,>1, (8) =12(-393) + 11 (285.9) < (-5.65x 10°) 
=~ 2,21 x 10°kJ mol™ 
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7.14 | BOND ENTHALPY AND BOND DISSOCIATION ENTHALPY 


Bond enthalpy (A,,, 447°) is the amount of energy required to break all the bonds present in one mole of a compound. 
Likewise, the energy liberated when a bond is formed between two atoms to form one mole of a compound is also 
called bond enthalpy. It is also referred to as enthalpy of formation of bond. In simpler words, bond enthalpy measures 
the strength of the bond, that is, the force with which the atoms are bonded together. The enthalpy changes associated 
with making or breaking of chemical bonds are thus expressed in terms of: 


1. Bond dissociation enthalpy 
2. Mean bond enthalpy 


Bond enthalpy depends on many factors, such as electronegativity of the atoms, size of the atoms, bond length, etc. 
The chemical environment of the bond influences the bond enthalpy. Bond breaking is an endothermic process, and is 
thus accompanied by absorption of energy. This leads to a positive value of bond dissociation enthalpy. On the other 
hand, bond formation is an exothermic process, and is thus accompanied by a release of energy. This leads to a nega- 
tive value of bond enthalpy. 

The bond enthalpies can be discussed in terms of diatomic and polyatomic molecules. 


_ 


. Diatomic molecules: For all diatomic molecules, the bond dissociation enthalpy is same as the enthalpy of atomi- 
zation. By definition, bond dissociation enthalpy is the change in enthalpy when one mole of gaseous covalent 
compound is broken into constituent atoms in the gas phase. For example, when one mole of oxygen molecules 
in gaseous state dissociates to form oxygen atoms, the bond dissociation enthalpy is the same as the enthalpy of 
atomization of oxygen. 


O,(g) > 20(g); Ao_oH® = 428 kJ mol 
Similarly, this is also true for other diatomic molecules such as H,, CL, etc. 


H,(g) > 2H(g); Ay_4H° = 435 kJ mol 
Cl,(g) > 2Cl(g); Ag aH? = 242 kJ mol! 


The bond enthalpies of simple diatomic molecules are measured spectroscopically. 


2. Polyatomic molecules: For complex polyatomic molecules, the bond dissociation enthalpy for different bonds is 
different within the same molecule. For example, let us consider a polyatomic molecule like ammonia, NH,. The 
enthalpy of atomization is 


NH,(g) > N(g)+3H(g); A,H° =1175.7 kJ mol 
The sequential dissociation of N—H bonds, which are identical in bond length and energy, have different enthalpies 


for dissociation. 


NH,(g) > NH, (g)+H(g); Agonaf?® = 449 kJ mol 
NH, (g) > NH(g)+H(g); Aponaff? = 384 kJ mol” 
NH(g) > N(g)+H(g); AponafZ? = 339 kJ mol™ 


The variation in breaking of individual N—H bonds is large, therefore, we consider the mean bond enthalpy of 
N 
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Table 7.4 Some average bond enthalpies 


Bond Bond enthalpy (kJ mol’) Bond 


Bond enthalpy (kJ mol ') 


CRG 348 C Br 
Ce 612 Cc it 
Cc ¢ 960 H H 
C lal 412 Jel Je! 
C IN 305 lal Cll 
C In 613 H Br 
C= 890 sil 
Cc © 360 HN 
Cc © 743 H O 
© i 484 H S 
Cc Cl 338 lal Si 


276 
238 
436 
565 
431 
366 
299) 
388 
463 
338 
376 


The bond enthalpies can be used for predicting the enthalpies of reactions taking place in gaseous phase and for esti- 
mating the heats of formation of compounds. 


1. Determination of enthalpy of reaction: Bond enthalpy is useful for calculating enthalpies of reaction for gaseous 
reactions which involve substances having covalent bonds. For example, consider the formation of ethane from 


ethylene. 


H,C 
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3. Determination of resonance energy: For a compound exhibiting resonance, there is a considerable difference 
between the enthalpy of formation or dissociation as calculated from bond energies and that determined experi- 


mentally. This difference arises due to stabilization by resonance and is a measure of the resonance energy. For 
example, consider the dissociation of benzene 


C,H, (g) > 6C(g) + 6H(g) 
The calculated bond dissociation enthalpy 


AH, = 3(AHc¢ 
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Solved Example | 7-38 | 


Acetone, the solvent usually found in nail polish remover 
and has the structural formula 


H :0O: H 
| fl 


H—C—C—C— 


H H 


Approximately how much energy would be released dur- 
ing the formation of the bonds in one mole of acetone 
molecules? 


Solution 
The energy released during the formation of 1 mol of 


acetone is equal to the sum of all of the bond energies in 
the molecule: 


For the six C 
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Solved Example | 7-40 | 


The standard heat of formation of ethanol vapor, 
C,H,OH(g), is -235.3 kJ mol’. Use the data in Table 7.4 
and the average bond energies for C 


https://telegram.me/unacademyplusdiscounts 


Chapter 7 | Chemical Energetics 


only energy terms involved in the formation of NaCl, 
the heat of formation would be endothermic and the 
compound would be unstable; it could not be formed 
by direct combination of the elements. 

The last step on the right finally brings us to 
solid NaCl and corresponds to the negative of the 
lattice enthalpy. (Remember, the lattice enthalpy is 
defined as the energy needed to separate the ions; 
in the last step, we are bringing the ions together to 
form the solid.) To make the net energy changes the 
same along both paths, the energy released when the 
ions condense to form the solid must equal —7870 kJ. 
Therefore, the calculated lattice enthalpy of NaCl must 
be +7870 kJ mol. 

The path at the lower left labelled A,H° leads 
directly to NaCl(s). The upper path involves the for- 
mation of gaseous atoms from the elements, then the 
formation of gaseous ions from the atoms, and finally 
the condensation of Na* and CI ions to give solid 
NaCl. The final step releases energy equivalent to the 
lattice enthalpy. The enthalpy changes accompanying 
each step can be listed as: 


Na*(g) + Cl(g) 
Electron gain 
enthalpy of Cl 
-348.8 kJ mol 
lonization 
enthalpy of Na , - 
+495.4 kJ mol"! Na*(g) + CI'(g) 
+ 
Na(g) + Cl(g) (Lattice enthalpy) 


Energy needed 
to form gaseous 
Cl atoms 


Na(g) +3 Clo(g) 

Energy needed = 4407.8 kJ mol? 
to form gaseous 

Na atoms 


+121.3 kJ mol 


~787 kJ mol 


1. Sublimation of sodium metal: 
Na(s) > Na(g);  A,,,4° = 107.8 kJ mol” 


sub 


Na(s) + 4 Cl,(g) 
A,H° = 411.3 kJ mol" 


2. Ionization of sodium atoms: NaCl(s) 
Na(g) > Na*(g)+e; A,,,H° = 495.4 kJ mol™ 


3. Dissociation of chlorine into atoms: 
+Cl,(g) > Cl(g); 4 Agena 7° = 121.3 kJ mol 


4. Gain of electron by chlorine: Cl(g)+e — Cl (g); A 
5. The lattice enthalpy: Na*(g)+Cl (g) > Na*Cl (s); 


Avuicel” = 411.3 + 107.8 + 121.3 + 495.4 — 348.8 kJ mol = 787.0 kJ mol 


lattice 


Figure 7.22 Born—Haber cycle for sodium chloride. 


H° =-348.8 kJ mol 


electron gain 


The lattice enthalpy also becomes larger as the amount of charge on the ions increases, because more highly charged 
ions attract each other more strongly. Thus, salts of Ca™ have larger lattice enthalpies than comparable salts of Na*,and 
those containing Al* have even larger lattice energies. 

Besides affecting the ability of ionic compounds to form, lattice energies are also important in determining the 
solubilities of ionic compounds in water and other solvents. 


Solved Example 7-41 | 


Find the electron affinity of chlorine from the following Substituting values, we get 
data (in kcal mol"). The enthalpy of formation of LiCl 
is —975; lattice energy of LiCl = 1977; dissociation energy 
of chlorine = 576; enthalpy of sublimation of Li = 38.3; 
ionization energy of Li = 123.8. 


197.7 = Ay, Ho, —(-97.5) + (57.6) + (38.3) + (123.8) 


Solving, we get A... H2,=—90.7 kcal mol. 
Solution 


For the ionic compound LiCl, we have 


° ° 
A iattice sub Ay; +A i; 


oO oO oO 1 co) 
Ay ic= Aga Ha- Aiea?) Saat, +A 
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Solved Example 7-42 | 


(a) Write all energy changes involve in Born—Haber First electron affinity of O(g): O(g)+ e > O(g); Apa, f° 
cycle for the formation of calcium oxide. Second electron affinity of O(g): O(g) + & > O*(g); 
(b) Calculate the lattice enthalpy of calcium oxide from Agaol? 
the following data (kJ mol): A,H° of Ca(s) = 178; Enthalpy of formation of CaO(s): Ca(s) + $0,(g) > 
Apt of Ca(g) = 590; Ay.” of Ca(g) = 1150; A,H?° of CaO(s); A;H® 
O,(g) = av Apa" of O(g) =—141; Apa,H” of O(g) = Lattice enthalpy of CaO(s): Ca”(g) + O7(g) > 
844; AH? of CaO(s) = —635. CaO(s); AvjuiceEl” 
Solution (b) From Hess’s law, we have 


(a) The energy changes are as follows: Aiguice Ef” + ApH” =A, H?(Ca)+ App HP? + Age HH 


Enthalpy of atomization of Ca(s): Ca(s) > Ca(g); A, +A, H* (Oz) + Aga H® + Agar” 

First ionization energy of Ca(g): Ca(g) — Ca‘(g) +e Substituting values, we get, 

Ate” A 

Second ionization energy of Ca(g):Ca*(g) > Ca“(g)+€3 A auice A” =178 + 590 +1150 + 249 + (141) + 844 — (— 635) 
Arealt , Solving, we get Ajnnicef° = 3505 kJ mol. 

Enthalpy of atomization of O,(g): $0,(g) > 20(g); 

AH? 


7.15 | SPONTANEITY 


The first law specifies that the energy of an isolated system is constant and that one form of energy can be con- 
verted into another. However, it does not indicate or predict the feasibility and extent of such an energy con- 
version. It establishes the relation between internal energy and enthalpy and provides expressions for heat 
changes occurring at constant volume or pressure. However, it does not specify the direction of heat change 
or flow. 

We know from experience that heat flow is unidirectional and it flows from an object at higher temperature to an 
object at lower temperature. A large number of processes in nature proceed preferentially in one direction, for exam- 
ple, diffusion of gas from higher to lower pressure, neutralization of acid by base, a gas expanding to fill up the balloon, 
etc. Such processes which occur on their own accord are called spontaneous processes. These do not necessarily take 
place instantaneously, but are favorable and feasible. 

The rate at which the spontaneous processes occur, range from very slow to very fast. For example, the 
exposure of photographic film are rapid spontaneous processes, hydrogen and oxygen gases can be mixed and 
left at room temperature without any significant formation of water. Thus, we can say that a spontaneous process 
has potential to occur without the aid of an external agency but need not take place instantaneously and at a fast 
rate. On the other hand, the decomposition of water into hydrogen and oxygen gas is a non-spontaneous process, 
but it can take place when an electric current is passed through it. The process of electrolysis continues till the 
current is maintained, thus illustrating that the non-spontaneous process will continue only till it receives outside 
assistance. 


Enthalpy a Criterion for Spontaneity 


We need to understand the driving force for the spontaneous change and the factors that will determine in which 
direction it will proceed. In physical process such as flow of water from hill top to the ground level or flow of heat 
from high to low temperatures can be understood in terms of the tendency of the system towards low energy state. By 
analogy, we can presume that chemical reactions proceed spontaneously in direction of lower energy. Spontaneous 
processes have a tendency to proceed in the direction of lower enthalpy. As a result, majority of exothermic chemical 
changes are spontaneous. For example, 
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N,(g)+3H,(g) > 2NH,(g); AH® =—92.38 kJ mol 
CH,(g)+20,(g) > CO,(g)+2H,O(g); AH° =-802.3 kJ mol™ 
H,(g)+30,(g) > H,O(); AH? = -285.9 kJ mol” 


However, if enthalpy were the only criteria for spontaneity, we 
would not expect endothermic processes to be spontaneous. 


However, there are a number of endothermic processes which are Reactants Eroducts: 
also spontaneous. For example, > > 
, e = AH = AH 
+N,(g)+O,(g) > NO,(g); AH® = +33.8 kJ mol! = = 
iN, (g) ne +0, (g) = NO(g); AH® = +90.4 kJ mol Products Reactants 
Exothermic reaction Endothermic reaction 


The enthalpy diagram in Fig. 723 shows that the exothermic pro- 
cesses proceed with lowering of energy, whereas endothermic pro- Figure 7.23 Enthalpy diagram for exothermic 
cesses proceed with increase in energy. and endothermic processes. 


7.16 | CARNOT CYCLE 


Carnot cycle is the ideal cycle of operation of a heat engine, devised by Sadi Carnot. It is used to calculate the maxi- 
mum extent to which heat can be converted to work. The direction of a particular spontaneous transformation can be 
ascertained with the help of the second law of thermodynamics. 

Carnot cycle was assumed to be a different reversible system operating 
between two temperatures. In one complete cycle, it involves two isothermal and 
two adiabatic processes (Fig. 724). The working substance is an ideal gas. 

Let us consider one gram mole of an ideal gas enclosed in the cylinder. Let 
D,, V,, T, be the initial pressure, volume, and temperature of the gas. Figure 724 
shows the basic process of Carnot cycle which consists of four processes namely 
(a) isothermal expansion, (b) adiabatic expansion, (c) isothermal compression d 
and (d) adiabatic compression. (Pa, V1, Te) © (Pg, V3, T 


a(p1,V4, Ty) 


ot ad 


D(P.,Vo, 74) 


Step 1 Isothermal expansion: The isothermal expansion of the gas takes place 0 Vis 
between point a and b of Fig. 724 taking its state from (p,, V,, T,) to (p,, V3, T;). 

Heat (q,) is absorbed by the gas from the reservoir at temperature T,.Ifthe gas Figure 7.24 p-V diagram for 
expands from V, to V, isothermally, the work done w, by the gas is given by Carnot engine. 


w, =nRT, In (72) (725) 
Vv, 


Step 2 Adiabatic expansion: The adiabatic expansion of the gas takes place between points b and ¢, taking its state from 
(p,, V,, T,) to (p;, V;, T,). When the gas expands from V, to V, adiabatically, the work done w, by the gas is given by 


wank Be ap =) (726) 
Fes 


Step 3 Isothermal compression: The isothermal compression of the gas takes place between points ¢ and d taking 
its state from (p,, V;, T,) to (p,, V,, T)). 
When the gas compresses from V, to V, isothermally, the work done w, by the gas is given by 


w, =nRT, in 2) (7.27) 
V) 


Heat (q,) is released by the gas to th 


ervoir at temperature T 
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Step 4 Adiabatic compression: The adiabatic compression of the gas takes place between points d and a taking its 


state from (p,, V,, T>) to (p,, V;, T,). When the gas is compressed from V, to V, adiabatically, the work done w, by 
the gas is given by 


Now, the total work done during the complete one cycle is given by 


W=W,+W,-W,-W, 


w=nRT, In Ma —nRT, In Ls 
Y, V, 


Now, Step 2 is an adiabatic process, therefore, 


TV," =T,V,"" 


1(y-1) 
that is, Ze (2 (7.28) 


Similarly, since Step 4 is an adiabatic process, therefore, 


eae 
u(y-1) 
that is, Lae (2 (729) 
Va 
From Eqs. (7.28) and (729), we have 
Vis Ve (730) 
Vay 


Now, the efficiency of the Carnot’s engine is given by 


i ae | Caone 


= 


q q T, In(V,/ V,) 
T, . 
or, n=1-—= using Eq. (730) 
T, 
We have 
1-2 .1_-B 
nN T, 
Therefore, 


f Arey =0 (.. reversible process) 


d ; ; 
Thus a is a state function. 
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where S is the entropy and AS is the entropy change of the system. 


For 7 = 1, either T, = 0 or T, = ~, which is impossible. Therefore, efficiency of Carnot cycle cannot be 1. Therefore, 
total work done in the cyclic process will always be less that total heat. 


Among all the cyclic processes operating between the given temperatures, efficiency of Carnot cycle is the maxi- 
mum. Thus, we have the Clausius statement for the second law of thermodynamics, which states that: “It is impos- 
sible to have a cyclic process that converts the complete heat energy into work without some heat loss (q,,,.) when 
some heat is transferred from body at higher temperature to body at lower temperature” 


Solved Example | 7-43 | 


An inventor claims to have constructed an engine that 
has an efficiency of 75% when operated between the boil- 
ing and freezing points of water. Is this possible? 


Solution 


The efficiency of a real engine must be less than the effi- 
ciency of a Carnot engine operating between the same 
two temperatures. 


The efficiency of a Carnot engine operating between the 
boiling and freezing points of water is 


(a (0+ 273)K 
Ty (100 + 273) K 
Thus, for the given temperatures, the claimed efficiency of 
75% for a real engine (with its irreversible processes and 
wasteful energy transfers) is impossible. 


n=l = 0.268 = 27%. 


Solved Example 7-44 | 


Two moles of a perfect gas undergo the following 
processes: 


(I) a reversible isobaric expansion from (1 atm, 20 L) to 
(1 atm, 40 L) 


(I) a reversible isochoric change of state from (1 atm, 
40 L) to (0.5 atm, 40 L) 


(ILD a reversible isothermal compression from (0.5 atm, 
40 L) to (1 atm, 20 L) 


(a) Sketch with labels each of the processes on the 
same p—V diagram. 


(b) Calculate the total work (w) and the total heat 
change (q) involved in the above processes. 


(c) What will be the values of AU, AH and AS for 
the overall process? (IIT-JEE 2002) 


Solution 


(a) The graph is shown in Fig. 725 


A 
Ww; 2 
1 atm 


p (atm) 


0.5 atm 


a a wh a teehee ee 


pe) 
jo 


VL) 


Figure 7.25 


(D) Waota = W, + W, + Ww, =—pAV + 0+ 2.303 RT log : 


1 


=-1 x 20 + 2.303 x 2 x 0.0821 x 121.93 log 2 
=-6.13 Latm 
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The process is cyclic,so AU=0. Now, AU= q+ w (from q=-w =+4620.7J 
first law of thermodynamics). So, (c) AS =0, AH =0 and AU =0 (cyclic process). 


7.17 | ENTROPY AND SPONTANEITY 


Let us understand the driving force for the processes where the enthalpy change is not favorable for the process 
to proceed spontaneously. We have seen that some endothermic reactions are spontaneous; now consider a process 
where enthalpy change is zero. Consider a partitioned closed container, with gases A and B, respectively, in each com- 
partment. When the partition is removed, the molecules of both the gases diffuse and the resulting state of the system 
is more random than the starting state. Both parts of the container can contain molecules of gases A and B. We know 
that diffusion of gases is a spontaneous process, so the driving force of the process can be postulated as the tendency 
of the system to become more disordered or random (Fig. 726). 

This leads to a new thermodynamic 
function called entropy, which is commonly 
considered to be a measure of disorder or 
randomness. Water molecules in the rigid 
structure in ice, for example, are more ordered 
than the water molecules moving about ran- 
domly in liquid water. The melting of ice, 
therefore, produces an increase in entropy. 
The increased freedom of motion of water in 
the liquid state means that liquid water has 


higher entropy than solid water. Figure 7.26 (a) partitioned closed container, with gases A and 
To see how entropy can affect the direc-  B_ (b) Removal of partition causing diffusion of molecules. (c) 


tion in which a process is spontaneous, con- Container containing both molecules A and B. 
sider the following experiments. Imagine that 


an ice cube is dropped into one beaker of water at room temperature at the same time that a red-hot coin is dropped into 
another beaker of water. The first law of thermodynamics tells us that changes in the energy of the ice cube and coin will 
be balanced by changes in the energy of the water. However, the first law does not tell us which substance loses energy 
and which gains energy. Experience, on the other hand, tells us that the water in the beaker with the ice cube will become 
cooler and the water in the beaker with the coin will become hotter. 

At the moment the ice cube is dropped into the water, the temperature of the ice cube is lower than that of the 
water that surrounds it. Thus, the average kinetic energy of the molecules in the ice cube is significantly smaller than 
the average kinetic energy of the molecules in the water. During the melting of the ice cube, the rigid structure of the 
ice breaks down. After the ice cube melts, the average kinetic energy of the H,O molecules is the same throughout the 
system, which is another way of stating that the temperature becomes uniform. 

The exchange of energy between the ice cube and water has occurred in such a way that, after the ice cube melts, 
the spreading of energy has produced more disorder in the universe. The colder water molecules of ice have been 
warmed and released from the solid structure, thus becoming more disordered. The warmer molecules of liquid water 
have cooled and become more ordered. Overall, though, there is more disorder due to the breakup of the solid than 
there is order from the cooling of the warm water. 

A similar process is at work when a red-hot coin is dropped into a beaker of water. Initially, the average kinetic 
energy of the atoms in the metal is significantly larger than the average kinetic energy of the molecules in the water. 
Eventually, the coin and the water that surrounds it will reach the same temperature. The coin cools, the water warms, 
there are more ways for the energy to be shared, and the universe has gone to a more disordered state. 


Note: The reverse process in which the coin becomes warmer and the water colder does not occur because that 
process would result in a more ordered universe. The atoms in the hot coin would have had to acquire more order 
in warming, while the cold water molecules would have had to become more random (disordered) due to cooling. 
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Because neither of these processes could occur unless a net increase in the disorder of the universe occurred, we can 
conclude that these colder objects produce more disorder when brought to a common temperature than do the warmer 
objects. In other words, there is a total gain in disorder produced by the melting of the ice or the cooling of the coin. 

In chemistry, we usually deal with systems that contain very large number of particles and it is usually impractical 
to count the number of ways that the particles can be arranged to produce a system with a particular energy. This can 
be done by a statistical method, which is beyond the scope of coverage. In a simpler method, the entropy of the system 
can be related to experimental heat and temperature measurements. 

Like enthalpy, entropy is a state function. It depends only on the state of the system, so an entropy change, AS, 
is independent of the path from start to finish. As with other thermodynamic quantities, AS is defined as “final minus 
initial” or “products minus reactants.” Thus, 


AS = Ssina1 — Sinitia 
or for a chemical system, BS =F adic = Serenata 
As you can see, when S,,,,, is larger than S,,iga: (OF When S, ducts IS larger than S,..tants)» the value of AS is positive. A positive 


value for AS means an increase in the number of energy-equivalent ways the system can be produced, and we have 
seen that this kind of change tends to be spontaneous. 

We know that when a system heated, the molecular motion of particles increases and so the randomness, and 
hence the entropy is expected to increase. At higher temperatures, the state of disorder in molecules is also higher 
than at lower temperatures. We also know that when heat is added to a system at lower temperature, the randomness 
increases to a greater extent than it does when the heat is added at higher temperature. These observations suggest 
that the disorder in particles in a system is directly proportional to the heat, and inversely proportional to the tempera- 
ture. A small differential change in entropy is given by 


dS = al 
T 
where dq is the infinitesimal quantity of heat absorbed under reversible conditions at absolute temperature T. A finite 
change in entropy can be given by 


q 
AS = 2 731 
T ee 


When heat is absorbed, q is positive and AS is also positive indicating an increase in entropy of the system. 
In case of an isolated system, total entropy change is considered which is the sum total of entropy of system and 
surroundings. 


+ AS. 


surrondings 


AS 101 = AS. (732) 


system 
For a change to be spontaneous, the final state should have greater randomness, and hence greater entropy than the 
initial state, therefore, AS,,,,, > 0; for a reversible or equilibrium process, AS,,,,,, < 0. The conditions for spontaneity may 
also be defined considering the system alone. For a system in thermal equilibrium with its surroundings or undergoing 
reversible change, AS,,,,,, = 0. 

If the system undergoes an irreversible change, then in absence of any change in internal energy or volume, all 
spontaneous processes will result in increase in entropy. Thus, the change in entropy for reversible and irreversible 
systems will be different. The entropy changes can also be calculated for reversible and irreversible expansion in an 
isolated ideal gas system, on mixing of ideal gases and accompanying phase changes. 


Calculation of AS for Different Processes 
1. For an ideal gas (not undergoing physical or chemical change) in a reversible process. 
d 
AS = } OF rev. 
T 


ee cl 
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(as w = 


T, 


Jenn 
T, 


1 


Pr 


Similarly AS =nC, in| 
Py 


. For a real gas (not undergoing physical or chemical change) 


(a) At constant pressure 


(b) At constant volume 


T, 


"| 


1 


AS =nC, nf 
. For a solid or liquid (not undergoing any physical or chemical change) 


dU 
AS = | —— (as w=0) 


. Calculation of AS 


Consider the thermodynamic system and surrounding as shown in Fig. 7.27 


surroundings 


If system absorbs heat = q,...m, the surroundings will give heat = —q,.... and vice 
versa. (Because for surroundings, we can assume all processes are reversible.) 
Therefore, 


= system 
surrounding T 


(a) Clausius inequality: It states that Energy of universe is constant, but entropy of 
universe is ever increasing. Thus 


AS, = AS + AS 


AS, 


universe system surrounding 

AS wniverse 2 O (Equality holds when process is reversible.) 

AS iniverse > 9 (For an irreversible spontaneous process.) 

AS universe = 0 (For a reversible process.) 

AS jniverse < 9 (For an irreversible non spontaneous process.) 
(b) Entropy change during mixing of gases 


Consider the case of mixing of gas A and gas B (Fig. 728) at temperature T, 
such that volume of gases is V, and V,, respectively and the number of moles 
are n, and n,. 


Then entropy of gas A is 


355 ennn{ 7%) 
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-pdV for reversible process) 


System \ Surroundings 


+system —Ysystem 


Boundary 


Figure 7.27 System and 
surroundings. 


Volume = V, — Volume = Vp 
ny Nb 
moles moles 
Gas A Gas B 


Figure 7.28 Mixing of two 
gases. 
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And entropy of gas B is 


AS, = nkin( 4 %] 
V. 


2 


Therefore, AS,,,,, = AS, + AS, > 0. 


total 


Solved Example | 7-45 | 


1 mole of an ideal gas is subjected to a change from 10 function and initial and final states are the same. 
atm to 1 atm at 300 K. Calculate AS, tm» AS urounding ANd Therefore, 
AS wniverse LE processes are carried out 
AS ystem = R1In10 
(a) reversibly RAY - “Risto 
(b) irreversibly q= if S ) ( y =+270 R 
(c) during free expansion 
Therefore, 
Solution Ag _  -q  _ -270R_ -9R 
T ; surrounding | 300 10 
(a) AS em = 2C, In [F Jane inf 2) 
' e AS niverse = R1IN10- a 
Given that T, = T, = 300, p,=10 and p,=1andn=1. 10 
Therefore, (C) ASyen = R110 
AS vstem = R1n10 
For an isothermal process q = 0 and AS..ounding = 9- 
AS wniverse = O (reversible process) Therefore, 
Thus, DSS sn seeitahid = =K In 10 AS = Rin 10 > 0) 


universe 
(b) In case an isothermal process is carried out revers- 
ibly or irreversibly, AS is the same as it is a state 


system 


Factors Affecting Entropy 


Several factors influence the magnitude of the entropy in predictable ways, so it is often possible to predict whether AS 
is positive or negative for a particular change. These factors are listed as follows. 


1. Volume changes: For gases, the entropy increases with increasing volume. The gas expands spontaneously to 
achieve a more probable (higher entropy) particle distribution. 


2. Temperature changes: The higher the temperature, the larger is the entropy. If some heat is added to the solid, 
the kinetic energy of the particles increases along with the temperature. This causes the particles to move and 
vibrate within the crystal. There is more kinetic energy than at the lower temperature, and there are more ways 
to distribute it among the molecules, so the entropy is larger. If the temperature is raised further, the particles are 
given even more kinetic energy with an even larger number of possible ways to distribute it, causing the solid to 
have still higher entropy. 


3. Physical state: In general, there are many more possible ways to distribute kinetic energy among gas molecules 
than there are in liquids and solids. Therefore, a gas has a much larger entropy compared to a liquid or solid. These 
changes which produce gases from liquids or solids are almost always accompanied by increases in entropy. 


4. Number of particles: As the number of particles increases, the number of ways of distributing energy also increases, 
and hence, entropy increases. 


5. If number of gaseous moles increase in a chemical reaction or An, > 0 then AS > 0, only in reactions involving 
gases. 
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Solved Example | 7-46 | 


For the following changes predictif AS is positive,0ornegative. (b) Raw egg is liquid but has a long change of amino 
acids (proteins). Boiled egg is solid but constitute of 
(a) os = eee much smaller molecules. Therefore, AS > 0. 


5 (c) White phosphorus is made up of small molecules, 
(b) Ege Ess whereas red phosphorus has long chain polymeric 
structure. Therefore, AS < 0 


(c) P °® 
(white) (Red) (d) Diamond has three-dimensional network structure 
qd@) C °° C whereas graphite has two-dimensional layer struc- 
(diamond) (graphite) P . 
ture in which layers are held by weak van der Waal 
Solution forces. Diamond has less randomness than graphite, 


. therefore, AS > 0. 
(a) Ice has cage like structure, so less randomness and 


liquid water has more randomness, therefore, AS > 0. 


Entropy of Physical Changes 
All physical changes are accompanied by a change in entropy and are defined as follows. 


1. Entropy of fusion: It is the increase in entropy when a solid substance melts at its melting point. It is always a posi- 
tive value because melting results in an increase in randomness. It is denoted by AS,,,;,,, and is expressed as 


fusion 


AS 


fusion — Siiquia — Syoiia = T 


where 7. is the melting point of the solid. 

2. Entropy of vaporization: It is the increase in entropy when a liquid substance vaporizes at its boiling point. It is 
always a positive value because vaporization always results in an increase in randomness. 
It is denoted by AS,,,, and expressed as 


AS. SS ce = Sica =— 


vap vapor liquid T. 
b 


where T, is the boiling point of the liquid. An empirical observation, called the Trouton’s rule, states that a wide range 
of liquids have approximately the same standatard entropy of vaporization (~85 kJ mol’) at their boiling points. 


3. Entropy of sublimation: It is the increase in entropy when a solid substance converts directly into vapor at any 
temperature, that is, sublimation of a solid takes place. It is always a positive quantity because sublimation results 
in increase in randomness. It is denoted by AS,,,, and is expressed as 


S _ S sub 


sub — vapor solid — T 


AS, 


Entropy of Chemical Changes 


The entropy change accompanying a chemical reaction is given by the difference between the sum of entropies of all 
products and sum of entropies of all reactants. For any chemical reaction: 


A+B—>C+D 
the entropy change is given by 
AS = (So + Sp) — (Sq + Sp) 
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where S,, S,, S,, Sy are entropies of the pure substances used as reactants and formed as products. For any chemical 
reaction in general, the entropy change is given by 


AS = Ds Drradice = > Siaeuas (733) 


The entropy of a substance at 25°C (298 K) and 1 atm pressure is called the standard entropy of the substance and 
is represented as S°. In a chemical reaction, if all the reactants and products are in standard state, then the entropy 
change for the reaction is said to be standard entropy change and is expressed as 


-—ZS° 


AS® = xS), reactants 


products 


Variation of Entropy Change for a Reaction with Temperature and Pressure 


1. At constant pressure: We know that at constant pressure, entropy varies with temperature as 


Th 
S;, —S;, = [nC,dT 


T, 


For the reaction 


aA +bB—>cC+dD 
IS scion = cS F: dS, an aS, ~ bS; 
AS;, _ AS, _ f [e(C,¢ + d(C, v) = a) = DC, 2 dT 


qT 


Ty 

r dT FE. 
AS;, ~ AS; = } CN) ictina a = (AC, ) sesssian in 2 | 

T, 1 


(If AC, is independent of 7.) 
2. At constant temperature (for gases only): 


Py 
8 ay = nRdp 


Py 


AS AS mites rin( 2 
P, Py g P 


Note: Entropy of solids and liquids do not change with pressure. 


Solved Example | 7-47 | 


(a) When a teaspoon of table salt is poured into a glass of the salt dissolves because the system (water and salt) 
water, the salt dissolves, even though heat is absorbed becomes more disordered as the salt dissolves. 
during the process. Is this a spontaneous process? (b) The sign of entropy change will be negative for the 

(b) Predict the sign of the entropy change for the condensa- condensation of steam to liquid water because entro- 
tion of steam to liquid water and the sublimation of a solid. pyis larger in the gaseous state as compared to the 


liquid state. For sublimation of solid, when the sys- 
tem will change from solid to gas, the disorder in the 


; : : : system will increase and hence the sign for entropy 
(a) Dissolving salt in water is a spontaneous process. change will be positive. 


Even though heat is absorbed during the process, 


Solution 


QU caaem 


7.18 | Gibbs Energy and Spontaneity 


Solved Example | 7-48 | 


Nitrogen dioxide, NO,, an air pollutant, dissolves in rain- 
water to form a dilute solution of nitric acid. The equation 
for the reaction is 


3NO,(g)+H,O(1) > 2HNO,(1) + NO(g) 


Calculate AS° for the reaction in J K™'. 


Solution 


The entropy change is given by 


AS® = &S° (products) — ZS° (reactants) 
=[2S°(HNO, (1))+ S°(NO(g))]-[35° (NO, (g)) 
+S°(H,O())] 
Substituting values, we get 
AS° = [2mol x (155.6J mol’ K™')+ 1mol x(210.6J mol'K“')] 
—[3mol x (240.5J mol 'K™)+1molx(69.96J mol'K"')] 
Solving, we get AS° = -269.7 J K™'. 


Solved Example 7-49 | 


What is the boiling point of a liquid with entropy of 
vaporization 68.3 J K"' mol and enthalpy of vaporiza- 
tion 35.65 kJ mol? 

Solution 


For a phase transition, entropy change is given by 


rs 
T 
: . Nya lt 
For vaporization, AS = TT 


where Tis the boiling point of the substance on Kelvin scale. 
Given that AS = 68.3 J K'; AH = 35.65 kJ mol ' = 35650 J 
mol”. Substituting values in the above equation, we get 


68.3 = 35650 
T 


or r= = = 521.96 K = 521.96 —273 = 248.96°C 


The boiling point of the liquid is 248.96°C. 


Solved Example | 7-50 | 


Predict the sign of AS for the following reactions. Justify 
your answers 

(a) 2SO,(g)+0,(g) > 2SO,(g) 

(b) CO(g)+2H, (g) > CH,OH(g) 

(c) 2H,(g)+0,(g) > 2H,0() 

(d) N,(g)+3H,(g) > 2NH,(g) 

(e) Ca(OH), (s)—22 » Ca” (aq) + 20H (aq) 


Solution 


(a) AS is negative since there are less gas molecules. (The 
product is also more complex, indicating an increase 
in order.) 


(b) AS is negative since there are less gas molecules. (The 
product is also more complex, indicating an increase 
in order.) 


(c) AS is negative since there is a change from a gas 
phase to a liquid phase. (The product is also more 
complex, indicating an increase in order.) 


(d) AS is negative since there are less gas molecules. (The 
product is also more complex, indicating an increase 
in order.) 


(e) AS is positive since the particles go from an ordered, 
crystalline state to a more disordered, aqueous 
state. 


7.18 | GIBBS ENERGY AND SPONTANEITY 


We have learnt that the total entropy change of the system can predict the spontaneity, but calculation of AS,,,,, would 
require consideration of both the system and the surroundings. Most of the chemical processes occur in closed or 


open systems which undergo both etbalpyand SAAR ARBRE RRO HS of a process will thus depend both 
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on enthalpy as well as entropy change. A new thermodynamic function called Gibbs energy or Gibbs function was 
defined by J. Willard Gibbs. The Gibbs energy of a system at any moment in time is defined as the enthalpy of the 
system minus the product of the temperature times the entropy of the system. 


G=H-TS 


Gibbs energy is a state function because it is defined in terms of thermodynamic properties (enthalpy, entropy, and 
temperature) that are state functions. Therefore, 


AG = Gina —G. 


nal initial 


For any system, the change in Gibbs energy can be expressed as 


AG. = AH —TAS, — Soctem AL 


system system system system 


For a process at constant temperature, AT = 0, therefore, 


AG. = AH -—TAS. 


system system system 


At a given temperature, the change in the Gibbs energy of the system that occurs during a reaction is, therefore, equal 
to the change in the enthalpy of the system minus the product of the temperature times the change in entropy of the 
system. 


AG = AH -TAS (734) 


In the expression for Gibbs energy, both AH and TAS (K x J K ‘= J), are energy terms, therefore, change of Gibbs 
energy has units of energy. 

The change in Gibbs energy is determined by change in both enthalpy and entropy of the system and should thus 
be a suitable parameter to predict spontaneity of a process. Consider a system in thermal equilibrium with its sur- 
roundings, then the enthalpy loss by the system is equal to the enthalpy gain of the surroundings and the system and 
surroundings are maintained at the same temperature. The entropy change can be represented as 


AS, 


total — 


AS, 


system 


aN, (735) 


surroundings 


It can be shown that the entropy change for the surroundings is equal to the heat transferred fo the surroundings from 
the system, yuroundings Givided by the Kelvin temperature, 7, at which it is transferred. 


A surroundings 
surroundings ~ T 


The law of conservation of energy requires that the heat transferred to the surroundings equals the negative of the 
heat added to the system, so we can write 


surroundings = —Asystem 


The entropy change for the surroundings can be expressed in terms of enthalpy change as 


AH vrromdines AH erem 
RS oe _ surroundings —__ yst 
T T 
Substituting in Eq. (735), we get 
AH. system 
DS se = ne _ a an 
Rearranging, we get 
TAS ota1 = TAS tea -_ INET ai 
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For a spontaneous process, the total entropy change should be positive, that is AS,,,,, > 0, therefore, 


tota 


TAS, — AH. 


system 


—TAS, 


>0>- (AH. aa >0 


system system 


Using Eq. (734), this relation can be expressed in terms of Gibbs energy change as 


-AG>0=> AG <0 


or AG = AH —-TAS <0 


Thus, at constant temperature and pressure, a process is spontaneous if AG < 0 and non-spontaneous if AG > 0. At con- 
stant temperature and pressure, a change can only be spontaneous if it is accompanied by a decrease in the Gibbs energy 
of the system.In other words, for a change to be spontaneous, G;,,,,, must be less than G,,,,,,, and AG must be negative. 
With this in mind, we can now examine how AH, AS and T are related in determining spontaneity. 

1. When AH is negative and AS is positive, the process is spontaneous. 

2. When AH is positive and AS is negative, the process is not spontaneous. 


3. When AH and AS have the same algebraic sign, the temperature becomes the determining factor in controlling 
spontaneity. 


(a) If AH and AS are both positive, then 
AG =(+)-[T@)] 


Thus, AG is the difference between two positive quantities, AH and TAS. This difference will only be negative 
if the term TAS is larger in magnitude than AH, and this will only be true when the temperature is high. In 
other words, when AH and AS are both positive, the change will be spontaneous at high temperature but not 
at low temperature. Melting of ice is an example. 


(b) Similarly, when AH and AS are both negative, AG will be negative (and the change spontaneous) only when 
the temperature is low. 


AG =(-)-[T(-)] 


Only when the negative value of AH is larger in magnitude than the negative value of TAS, will AG be nega- 
tive. Such a change is only spontaneous at low temperatures. An example is the freezing of water. 


Using Eq. (734), the predictions about spontaneity of reaction can be summarized in Table 75. 


Table 7.5 Criteria for spontaneity of physical and chemical processes 


Enthalpy —_ Entropy Gibbs Energy Reaction 
AH <0 AS>0 AG<0O Spontaneous 
AH > 0 AS<0 AG>0 Non-spontaneous 
AH >0 AS>0 AG <Oat high temperature Spontaneous at high temperature 
AG > 0 at low temperature Non-spontaneous at low temperature 
AH <0 AS <0 AG <Oat low temperature Spontaneous at low temperature 
AG > 0 at high temperature Non-spontaneous at high temperature 


We know that in all real processes, the enthalpy change is not completely converted into work as some amount of 
heat is lost to the surrounding and used in overcoming opposing forces. In the expression for Gibbs energy, if AH 
corresponds to the enthalpy change for the system, then TAS corresponds to the energy not available for doing work 
and AG corresponds to energy available for doing useful work. Thus, Gibbs energy is a measure of free energy of the 
system so Gibbs energy change for the reaction is known as free energy of the reaction. 
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Note: Reactions that occur with a Gibbs energy decrease are sometimes said to be exergonic. Those that occur with 
a Gibbs energy increase are sometimes said to be endergonic. 


Mathematical Derivation of AG 


G=H-TS 
G=U+pV-TS 


dG =dU + pdV +Vdp-—TdS — SdT 


dG =dq+w,, +w 


non-pV 


where w,, is pV work and w,,,,,y is non-pV work. 


+ pdV +Vdp—TdS — SdT 


dG = dq- pdV + W,,,,. ,y + pdV + Vdp 


(Because w,, = —pdV.) 


(AG),,,= dq + w 


(Because pressure and temperature are constant.) 


Assuming that non-pV work is zero, that is, W,,,,.,v 


non-pV 


= 0, we have 


— TdS 


(AG),,,= dq — TS 


dq 
OS ss sceding = Tt 
(AG) Tp = = 1S sucasiing + dS) = T(dS yriverse) 
Therefore, dS) jivese < 9=> dG > 0 (Non-spontaneous) 
dS niverse > 9 AG <0 (Spontaneous) 
universe = 0=> AG =0 (Reversible) 
Solved Example 

(a) Nitric oxide (NO) reacts with molecular oxygen as Solution 


follows: 2NO (g) + O, (g) > 2 NO, (g) 


Initially NO and O, are separated as shown in 
Fig. 729. When the valve is opened, the reaction 
quickly goes to completion. Determine what gases 
remains at the end of reaction and calculate their par- 
tial pressures. Assume that the temperature remains 
constant at 27°C. [Given: R = 0.08 atm L mol" K"'] 


(b) Two moles of an ideal gas expand irreversibly and 
isothermally at 27°C until its volume doubled and 
3.3 kJ heat is absorbed from surrounding. Determine 


INS cps and ISS. crcsinaingat 
4Lat0.5 atm 2Lat1 atm 
and 300 K and 300 K 


Figure 7.29 


(a) The number of moles of each gas present initially is 


obtained using the relation pV = nRT. Therefore, 


0.5x4 2x1 


“No 9 080x300? “0,080 x 300 
2NO (g) + O, (g) > 2 NO, (g) 


Initially — = 
24.0 24.0 
At the end of the reaction as EE J 
24 24 12 


NO, and O, gases remain at the end of reaction and 
Veotat = 0 L 


total 


1 ” 0.080 x 300 
24 6 


=2 or 0.166 atm 


Partial pressure of O, = 
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: 1 0.080 x 300 F sesourc — syst 
Partial pressure of NO, =— x ———_ MS. 3 = 
p 2 12 6 DS aamcandines T FF 
“2 5654 wink er aie 
300 


(b) AS. 


system 


= nRin2=2xRxIn2=11.52IK" 


1 


Solved Example | 7-52 | 


Show that the reaction CO(g) + +O, (g) ~ CO,(g) at 
300 K is spontaneous and exothermic, when the standard 
entropy change is — 0.094 kJ mol' K™. the standard Gibbs 1 
free energies of formation for CO, and CO are —394.4 and =— 394.4 ( 137.2 x =x 0}- 257.2kJ mol 
—1372 kJ mol", respectively. (IIT-JEE 2000) e 


A,G° =AGeo, (ace +5A68, 


Substituting values and solving, we get 
Solution AG° = AH® — TAS® where AH®° = -285.4 kJ mol 
Since, AH° = negative, exothermic; AG° = negative. So, the 


For the reaction CO(g)+40, >CO,(g), Gibbs energy reaction is spontaneous 


change is given by 


Solved Example 7-53 | 


Determine whether the following reaction (equation 
unbalanced) will be spontaneous at 25°C. 


Substituting the values of heat of formation of com- 
te) ENO? CE COCR LOW pounds from Table 73, we have 
+NO(g)+ NO,(g) 


AG? = {1 mol x (392.5 kJ mol") + 1 mol x (-2372 kJ mol) 
of -1 
The reaction is spontaneous if its associated value for PE moles hoe? kmel ye tmol Oe Elmer )) 


AG° is negative. — {1 mol x (68.12 kJ mol) + 1 mol x (-79.91 kJ moI')} 
AG° = XA,G° (products) — ZA,G° (reactants) 


+ A,G[NO,(g)]} — {A,G*[C,H,(g)] + A,;G° [HNO,(1)]} 


Solution 


=-479.4 kJ 
= {A,G°[CH,COOH(I)] + A,G*[H,O(1)] + A,G’[NO(g)] Since AG® is negative, so the reaction is spontaneous. 


7.19 | SECOND LAW OF THERMODYNAMICS 


We have learnt about the limitations of the first law of thermodynamics. It tells us that energy would be conserved in 
any process and the law is always obeyed when a process takes place either on its own or by help of an external force. It 
establishes relation between heat and work and indicates the possibility of complete conversion of heat into mechani- 
cal work. However, experience shows that heat cannot be completely converted into mechanical work. 

The first law also does not give any information about the feasibility and extent of the reaction. We have learnt that 
the thermodynamic function entropy is a measure of randomness of the system and is the driving force for irrevers- 
ible processes to occur spontaneously. For irreversible processes, the total entropy, that is, the entropy of the system 
and surroundings taken together, increases for all spontaneous processes and remains constant for a process at equi- 
librium. These observations lead to the statement of the second law of thermodynamics, which states, in effect, that 
whenever a spontaneous event takes place in our universe, the total entropy of the universe increases (AS,,.., > 0). Notice 
that the increase in entropy that is referred to here is for the total entropy of the universe (system plus surroundings), 
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not just the system alone. This means that a system’s entropy can decrease, just as long as there is a larger increase in 
the entropy of the surroundings so that the overall entropy change is positive. 

Since all natural processes are spontaneous and irreversible, they are accompanied by a net increase in entropy. 
So the second law of thermodynamics was also stated by Clausius as “the entropy of the universe tends always to a 
maximum’ The statement for second law essentially implies that for entropy change in universe, 


AS, = AS, + AS, 


universe system surroundings 


The spontaneity of the process can be predicted on the basis of the following 


Tf AS, niverse > 0, the reaction is spontaneous. 
Tf AS) niverse < 0, the reaction is non-spontaneous. 
Tf AS, niverse = 9, the reaction is at equilibrium. 


In chemistry, we are interested in the spontaneity of chemical reactions and physical changes in systems. Thus, we 
would look for criteria for predicting the spontaneity of the changes in the system rather than the surroundings. We 
have seen that the driving force that is responsible for spontaneity of process may be discussed in terms of Gibbs 
energy change (AG = AH — TAS). The second law of thermodynamics can be stated in terms of Gibbs energy as that 
in any spontaneous process, at constant temperature and pressure, the Gibbs energy of the system (AG,,,,.,,) always 
decreases. So, the spontaneity of a process can be predicted on the basis of the following 


system. 


If AG, tem > 9, the reaction is spontaneous. 
If AG. tem < 0, the reaction is non-spontaneous. 
If AG,,tem = 9, the reaction is at equilibrium. 


7.20 | GIBBS ENERGY CHANGE AND EQUILIBRIUM 


In the previous section, we have seen in a chemical reaction, 


1. The sign of Gibbs energy is useful in predicting the spontaneity of reaction. 


2. The magnitude of the Gibbs energy change for a reaction is useful to predict the useful work that could be 
extracted from it. 


From the first law of thermodynamics, the total heat energy supplied to the system changes the internal energy of the 
system, causes expansion of gas (pressure-volume work) and is converted into useful work. This is represented as: 


q = AU + W pressure—volume work + Wasetul work — AU a pAV om Wasetul work 
de AH aP Waseful work (736) 
Since, q=TAS (737) 
Using Eqs. (7.36) and (737), we get 
TAS = AH a Waseful work 
or AH -TAS = —Wasetul work 
or -(AG),,7 = Waseful work (738) 


Equation (738) shows that the decrease in Gibbs energy during a thermodynamic process is equal to the useful work 
obtainable from the system. 

The above criteria are applicable for irreversible processes. Let us now examine the Gibbs energy changes for 
reversible processes. We have seen that a reversible process is such that at each state the system is at equilibrium with 
the surroundings. When applied to chemical reactions, it implies that the reactants and products are at dynamic equi- 
librium and can proceed in either direction with decrease in Gibbs energy. Such a state is only possible if the Gibbs 
energy at equilibrium is at a minimum or A,G = 0. 
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The Gibbs energy change for a system when the process is carried out at 25°C (298 K) and 1 atm pressure is called 
standard Gibbs energy change (AG°). Thus, if for a chemical reaction, reactants in their standard state are converted 
into products in their states, the standard Gibbs energy change is given by 


ING” = Ge 


products 


m7 pH CBee (739) 


Quantitatively, the relationship between A.G and AG° for a reaction is expressed by the following equation, 
A,G° =AG° + RTInQ (740) 


where R is the gas constant in appropriate energy units (e.g., 8.314 J mol K"'), Tis the Kelvin temperature, and In Q is 
the natural logarithm of the reaction quotient. For gaseous reactions, Q is calculated using partial pressures expressed 
in atm; for reactions in solution, Q is calculated from molar concentrations. 

We have learnt that when a system reaches equilibrium the Gibbs energy of the products equals the Gibbs energy of 
the reactants and A,G equals zero. We also know that at equilibrium, the reaction quotient equals the equilibrium constant. 


a. A.G=0 
At equilibrium 
CaK 
If we substitute these into Eq. (7.40), we obtain 
0=AG°+RTInK 


which can be rearranged to give 


A,G° =—-RT InK =-2.303RT log K (741) 
Using expression for Gibbs energy, we can relate equilibrium constant to enthalpy change and entropy as 
A,G?=A,H° -TA,S° =—-RT In K = -2.303RT log K (7.42) 
Some important implications of the above relations are: 
1. For strongly endothermic reactions, the value of A,H” is large and positive, so the value of equilibrium constant is 


much smaller than 1 and the reaction does not proceed to a great extent towards formation of products. 


2. For strongly exothermic reactions, the value of A,H” is large and negative, so value of equilibrium constant will be 
much larger than 1 and the reaction would proceed towards completion. 


3. The value for A,G° also depends on the changes of entropy (A,S°) accompanying the reaction, so the value of 
equilibrium constant will be affected by whether the entropy change is positive or negative. 


4. Using Eq. (7.42), if we can determine the Gibbs energy change for the reaction by measuring A,H° and A\S°, it is 
possible to estimate the equilibrium constant at any temperature and estimate the possible yield of the reaction. 


5. If the equilibrium constant for the reaction can be determined in the laboratory, then it can be used to calculate 
the value of A,G° at any temperature using Eq. (742). 


Calculation of AG 
The calculation of AG for different cases is discussed as follows. 
1. For a substance (not undergoing any chemical or phase change) under reversible condition. 
dG=dU+ pdV + Vdp-TdS — SdT 
dU =q+w=TdS-— pdV 
dG = Vdp - SdT (7.43) 
Simplification of Eq. (743) 


(a) An ideal gas at constant temperature 
nRT 


dG = Vdp = dp 
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AGS nin{ 2) 
P, 


(b) For solids/liquids at constant temperature 
dG = Vdp 
AG = V(p, - p;) 


=—§ 


p 


. dG 
© (FF) 


Therefore, slope of G vs. T graph gives — $ 


Therefore, slope of G vs. p graph gives V. 
(iii) For any chemical reaction 


aA+aB° cC+dD 
ING = WN Jal IES) (7.44) 


where, A,G = Gibbs free energy change of the reaction 
A.H = Enthalpy of reaction 
A,S = Enthalpy change of the reaction 


Variation of the Equation 7.44 
(a) At constant pressure 


(A,G);, = (AH), —T,(AS);, 


Therefore, 


(A,G)y, = (AH), H(AC,), (Ta -T,)-T, (a9), +(AC,), nt] 


(Derived before !!) 


(b) At constant temperature 


(A,G),, =(AH),, —T,(AS) 


P2 


(A,G) P2 = (AH), = T, fas, an an n{ 2] 
: ; P 
(Derived before !!) 2 


Solved Example 7-54 | 


For the following reaction Then calculate AG at 
H,O ~ H,O (a) 1 atm,373 K 
(1atm, 373 K) (1 atm, 373 K) 


(b) 1 atm, 300K 
AH = 40 kJ/mol 


C, (H,O, 1) = 40 J/mol K 
C, (H,0, g) = 30 J/mol K 
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Solution 


(a) Since 373 K is the boiling point of H,O (1), therefore, 
the reaction is at equilibrium at 373 K. So 


AG (1 atm, 373 K) =0 
(b) We know that 
AH,, = AH, + AC, (7, -T,) 
Substituting values, we have 
AH 4) = AH, + [30-40] [300 — 373] 
= 40 x 10°+ (-10) (-73) = 40730 J mol" 


Also, AS, = AS, + AC, in 2 | 


1 
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Substituting values, we get 


300 
AS 59) = AS37; + (10) In (= 


AH,,, _40x10° 


Now, AS,,, = 
OW ea 473 393 
Therefore, 
= sox -1010( 2) 
373 373 


= 107.238 + 2.177 = 109.415Jmol'K* 
Thus, 


AG) = AH 5 — 300 (AS 30) 
= 40730 -300 (109.415) = 73544.5J mol! 


Solved Example 7-55 | 


Calculate AG for the following reaction 


H,O > HO 


(2atm,373K) (2 atm, 373K) 


Solution 


Since AG is a state function, therefore, we can write the 
above equation as 


H,O AG=? H,O 
(1) (g) 
(2 atm, 373 K) (2 atm, 373 K) 


H,0 AG. H,0 
(1) (9) 
(1 atm, 373 K) (1 atm, 373 K) 


Therefore, AG = AG, + AG, + AG, 


dG, = Vdp-SdT =V,dp (as Tis constant) 


Therefore, AG, = V,(p, — P;) 


AG, = 0 (at equilibrium) 


AG, =nRT In 22 
Py 


Thus, 


AG = V,(p, —p,)+ nRT In 
Py 


Note: On changing pressure, always use dG = Vdp. Do not use AG = AH — TAS, as AH is unknown at other pressures. 


Gibb’s Helmholtz Equation 


We have 
dG = Vdp- SdT 

0G 

—| =-S 

(sr), 

dAG 

— | =-AS 745 
Ga (745) 


Also, AG = AH — TAS 
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Substituting value of AS from Eq. (745), we get 


INGUNE ES (22) (746) 
LED 
Equation 746 is called Gibb’s Helmholtz equation. 
Mathematical proof that maximum non-p V work = decrease in Gibb’s free energy: 


For any feasible process, 


dS, => 0 


universe 


CS cites + (=2) 2 0 
ik 


>q<Tds 


system 
Therefore, 


dU-w Wy <TdS, 


non-pV system 


dU + pdVv a Wron-pVv S TTS stata 
d(U + pV)- Wronpv = d(TS) 
(If T and P are constant.) 
Therefore, 
d(H —-TS),., =w 
(dG), = Wron-pVv 
<-(dG) 


non-pV — 


non-pV 


w as 


Chemical Potential of Multicomponent System 


In a multicomponent system, change in free energy (dG) at constant temperature and pressure may be expressed in 
terms of partial molar free energy (Gi) and number of moles of component n as 


(dG);., = S G dn, (i= number of constituents) 


When temperature and pressure are not constant, free energy change is given by 

dG = Vdp-SdT +}. Gdn; 
The partial molar free energy was also called chemical potential by Gibbs and represented as m, therefore, free energy 
change is 

dG=Vdp-SdT +> u,dn, 


When a small amount of substance i(dn,) is added to the system, keeping other variables constant, the change in free 
energy with change in composition is given by 


(dG). = », “dn; (7.47) 


This is known as Gibbs—Duhem equation. It gives the contribution of chemical potential of each component of the 
mixture per mole to the total free energy of the system at constant temperature and pressure. 

The variation of chemical potential of component i of a multicomponent system, as a function of temperature is 
related to partial molar entropy of the component by the expression 
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(H),-3 
OF J sx 


Similarly, the variation of chemical potential of the component i of a multicomponent system, as a function of pressure 
is related to partial molar volume of the component by the expression 


) = 
op Tn; 


van’'t Hoff Reaction Isotherm and Equations 


Consider the following reaction in equilibrium 
aA+bB—=cC+dD 


The thermodynamic properties can be expressed in terms of partial molar free energies or chemical potential. For 
non-ideal system, free energy can be expressed in terms of activity as 


G=G°+RT Ina 
Therefore, chemical potential of any component may be expressed in terms of activity as 
M=L°+RT Ina 


In the above system at equilibrium, if the concentration of A and B diminishes by adn and bdn moles, then there is a 
corresponding increase in concentrations of C and D by cdn and ddn moles. The free energy change can be expressed 
in terms of chemical potential as 


(dG), = XH,dn, = (ucdn + Upddn) — (u,adn + U,bdn) 
or AG = [c(ue+ RT In a,) + d(upt+ RT In a,) — (a(ug+ RT In a,) + b(up+ RT In a,))] 


cd 
AG = [(cule + du) — (aly +oys)}+ Rn) | 
a,a 


A™B 


c 


ae | 
0= AG°+ rrin| Sb | (as AG = 0 at equilibrium) 
Ay 4p 
oO Cerf 
oe (4 )=m) 8 
RT An As, 
therefore, AG? =—-RTInK 


where K is called the thermodynamic equilibrium constant and it is the ratio of the activities of products to those of 
reactants at equilibrium. The free energy change of reaction at any state is given by 


AG =AG°+RTInQ=-RTInK+RTInQ= RTIng 


where Q is the reaction quotient and is the ratio of activities of reactants and products at any state of reaction. The 
relation is known as van’t Hoff reaction isotherm. It is useful for determining the feasibility of a reaction under a given 
set of conditions. The variation in equilibrium constant K with temperature is given by van’t Hoff equation 


AG° =—-RT Ink 
or iak=nle 
RT 
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Differentiating with respect to T, we get 


oT R i 


AH 


oT R 


doInK _ (SF ec 


Mimnmaradamv) 
unacaqgem 


(by Gibbs — Helmholtz equation) 


aa (as AH does not vary much with pressure, AH°=AH) 


2 


This equation is known as van’t Hoff equation. Integrating this equation, we get 


—-AH 


Ink = ——+Constant 


RT 


or logk 


_ -AH 
~ 2.303RT 


+ Constant 


If integration is carried out between the temperatures 7, and T,, we get another useful form of van’t Hoff equation 


k - I= 
eg| 2] = (7.48) 
is j} SAUER TENE, 
— dink AE 
Similarly at constant pressure =—— 
oT RT 


This relation is called van’t Hoff isochore. 


Solved Example 7-56 | 


The standard Gibbs energy change for a reaction is 
AG® = -41.8 kJ mol" at 700 K and 1 atm. Calculate the 
equilibrium constant of the reaction at 700 K. 


Solution 


The standard Gibbs energy and equilibrium constant are 
related by the equation: 


AG® =—-RTInK = -2.303 RT log K 


Given that AG® = —-41.8 kJ = —41800 J, T= 700 K and R= 
8.314 J K" mol”. Substituting these values in the equa- 
tion, we get 

—41800 = —2.303 x 8.314 x 700 log K 

—41800 = -13403 log K 


og K = cL = 3.1187 = K =1.312x10* 


or it - 
13403 


Solved Example | 7-57 | 


Calculate the equilibrium constant for a reaction at 400 K 
given that AH° = 268.3 kJ mol and AS = 0.857 kJ K" 
mol" at 400 K. 

Solution 


The equilibrium constant is related to standard free 
energy change by the reaction 


AG° = —-RT In K = -2.303RT log K 
and free energy can be obtained from the relation 


AG° = AH°-TAS 


Given that AH° = 268.3 kJ mol'; AS = 0.857 kJ K™; 
T = 400 K. Substituting values, we get 


AG® = 268.3 — 400 x 0.857 = —74.5 kJ = —74500 J 
Substituting value of AG® in the above equation, we get 


—74500 = —2.303 x 8.314 x 400 xlog K 


log K = let = 0.9727 
7658.8 
or K = 9376 = 9.376 x 10° 
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7.21 | Third Law of Thermodynamics 


Solved Example 7-58 | 


A reaction that can convert coal to methane (the chief 
component of natural gas) is 


C(s) + 2H, (g) = CH, (g) 


for which AG® = —5S0.79 kJ mol‘. What is the value of K, 
for this reaction at 25°C? Does this value of K, suggest 
that studying this reaction as a means of methane produc- 
tion is worthwhile pursuing? 


Solution 


We know that AG® = —RT In K,,. Substituting the values, 
we get 


50.79 x 10° J =~(8.314 J K™ mol)(298 K) x In K, 


or In K,= 20.50 


Taking the exponential of both sides of this equation 
gives: K, = 8.000 x 10°. This is a favorable reaction, since 
the equilibrium lies far to the side favoring products and 
is worth studying as a method for methane production. 


Solved Example 7-59 | 


The reaction NO,(g)+NO(g) = N,O(g)+0O,(g) has 
AGin73 x = —9.67 kJ. A 1.00 L reaction vessel at 1000°C 
contains 0.0200 mol NO,, 0.040 mol NO, 0.015 mol N,O, 
and 0.0350 mol O,. Is the reaction at equilibrium? If not, 
in which direction will the reaction proceed to reach 
equilibrium. 


~9.67 x 10° J =~(8.314 J K7 mol)(1273 K) x In K, 
In K, = 0.914 > K, =2.49 


[N,O][O,] _ (0.015)(0.0350) 


Now, = 
[NO,][NO] (0.0200)(0.040) 


Aierniinte 
Wscounts 


Solution Since the value of Q is less than the value of K, the system 
; . 7 is not at equilibrium and must shift to the right to reach 
For the reactions in gaseous state, AG° = —RT In K,, equilibrium. 


Substituting values, we get 


7.21 | THIRD LAW OF THERMODYNAMICS 


This concept of entropy as a measure of orderliness or randomness, has led to the conclusion that all substances in 
their normal crystalline state at the absolute zero temperature would be in the condition of maximum orderly arrange- 
ment because all motion has essentially ceased at 0 K. In other words, entropy of a substance at 0 K is minimum. This 
observation has led to formulation of the third law of thermodynamics. 

The third law was further defined by Lewis and Randall in 1923 as every substance, element or compound has a 
finite entropy but at absolute zero of temperature, the entropy may become zero and does become so in the case of a 
perfectly crystalline substance. 

The third law of thermodynamics permits calculations of absolute values of entropy of a pure substance at any 
temperature. Because we know the point at which entropy has a value of zero, it is possible by experimental measure- 
ment and calculation to determine the total amount of entropy that a substance has at temperatures above 0 K. If the 
entropy of one mole of a substance is determined at a temperature of 298 K (25°C) and a pressure of 1 atm, we call it 
the standard entropy, S°. 

Once we have the entropies of a variety of substances, we can calculate the standard entropy change, AS”, for 
chemical reactions in much the same way as we calculated AH” for a reaction. 


AS° = XS° (products) — ZS° (reactants) 
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There are certain substances that possess entropy even when they are cooled close to absolute zero and this entropy 
is known as residual entropy. It is generally exhibited by substances that can exist in different microscopic states 
even when cooled to 0 K. These substances can exist in different ground states which have only slightly different 
energies. 

To understand the origin of residual entropy, let us consider a molecule of the type AB, where A and B are 
similar atoms. The energy difference between the arrangement... AB AB AB... and...AB BA AB BA... is 
very small, so the molecules adopt different orientations in the solid crystal, leading to some disorder, and hence, 
residual entropy. A common example of molecules with residual entropy is carbon monoxide, which has a very 
small dipole moment. When the crystal is 
cooled to absolute zero, a few molecules of 


: : : CO CO CO CO CO CO Oc oC 
carbon monoxide align themselves in a manner 
that they are oriented in the same direction to cO CO CO CO cO OC oc co 
yield a perfect crystal, while others have random CO CO CO co 0c CO co oc 


structure which accounts for the residual entropy 
of 5 J K'mol'. The molecular arrangement (a) (b) 
of carbon monoxide molecules in the perfect 

and actual crystal can be represented as shown Figure 7.30 Arrangement of CO molecules: (a) Perfect crystal 
in Fig. 730. and (b) actual crystal. 


Note: Ice was the first material that was proposed to have residual entropy. In a large number of molecules, the 
hydrogen atoms bonded to each oxygen atom retain some degree of freedom of stretching movement and cause 
residual entropy. Amorphous glass is another material with residual entropy. 


For example, let us find AS,,,., for the following reaction 


A(s) > A(g) 


total 


(0K, p atm) (T K, p atm) 
AS tat ae Srp ~ Sop 
The above reaction can be written as 
AS, 
Ais) —S# Ag) - 
A 
(0K, p atm) (TK, patm) «295 (Top: p atm) 
(9) 
2 S 
A(s) ——_ A(l) —* A(l) 
(Tmp> P atm) Tp» Pp atm Typ, P atm 


The changes can be depicted as shown in Fig. 731. Then, 


AS ota = AS, + AS, + AS, + AS,+ AS, s 
f T; 
ra Cc soli dT AH i Hy n Cc iqui dT AH,, orization 

Srp = Sop + J ( ») lid + fusion + J ( » tig d + p t 
A T Tes ip T iv 
T 
+] WC, ) eon T I 
T 


Tes 
Figure 7.31 Graphical 
representation for the reaction 


A(s)° A\g). 


Here, S,, = 0 because of the third law of thermodynamics 


Note: 
1. AS \aporization > AS; 
2. Generally slope decreases with increase in temperature for solids because randomness increases manifold at 
lower temperatures. 


fusion 
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Solved Objective Questions from Previous Year Papers 


T-S Curves for Different Processes T 


1. For isothermal process: Change in entropy is given by Ae > #8 


as =4 
i 


For an isothermal process, T is constant, therefore, g = TdS 


S 


Figure 7.32 T-S 
curve for an 
isothermal process. 


For example, consider the isothermal expansion from state A ° B and compression 
from B° A.Then the temperature — entropy (7—S) curve is as shown in Fig. 732. 


. For adiabatic process: Here, dS = 0. So the T—S curve for adiabatic compression from 
state A° B and expansion from B° A is as shown in Fig. 733. 


. For Carnot cycle: Consider the Carnot cycle from state A° B° C° D. The 7-S 
curves for various processes are as shown in Fig. 734. 

A° B: Isothermal expansion 

B° C:Adiabatic expansion 

C° D: Isothermal compression s 
D° A:Adiabatic compression Figure 7.33 T-S curve 


. Isobaric process: For an isobaric process for an adiabatic process. 


doe a2 


Pp 


SIC, 
Therefore T = T,e"”’ 


. Isochoric process: For an isochoric process 


dS=C, ar 
T 
T=Tie" Figure 7.34 T-S curve 
The 7-S curves for an isobaric and isochoric processes are as shown Fig. 735. for Carnot cycle. 
Slope of an isochoric process is Isochoric 
T 
dT T Isobaric 
dS C, 
Slope of isobaric process 
ar : 
ds, Figure 7.35 T-S 
Since, C, > C,, therefore, slope of isochoric process is greater in T—S curve. curves for isobaric and 


isochoric processes. 


SOLVED OBJECTIVE QUESTIONS FROM PREVIOUS YEAR PAPERS 


1. For which one of the following equations is A.” equal to 2. Spontaneous adsorption of a gas on solid surface is an exo- 
A,H°? thermic process because 
(A) CH,(g)+2Cl,(g) ~ CH,Cl, (1) + 2HCl(g) (A) AH increases for system. 
(B) Xe(g)+2F,(g) > XeF,(g) i. ie ei ie gas 
ecreases for gas. 

(C) 2CO(g) + O,(g) > 2CO,(g) (D) AG increases for a (IIT-JEE 2004) 
(D) N,(g)+ O;(g) = N,0,(g) (IIT-JEE 2003) 

Solution 
Solution 

(C) For aspontaneous process, AG should be negative. Also, 
(B) For this reaction, A,H® = A,H”. the process is exothermic (means AH is also negative). 
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For adsorption of gas to be spontaneous, the entropy 
should decrease in accordance with the relation AG = 
AH — TAS. 


3. 2 mol of an ideal gas expanded isothermally and reversibly 


from 1 L to 10 L at 300 K. What is the enthalpy change? 


(A) 4.98 kJ (B) 11.47 kJ 
(C) -11.47 kJ (D) 0kJ (IIT-JEE 2004) 
Solution 


(D) H=U+pV or AH=AU+A(pV). 
Now, AH = AU +nRAT 
For isothermal and reversible expansion AU = 0 and 
AT=0. 
So, AH=0+0=0 


. AH,,, =30 kJ mol” and AS,,,,=75 J mol K™. Find the tem- 


vap 


perature of vapor at 1 atm. (IIT-JEE 2004) 
(A) 400 K (B) 350K 

(C) 298K (D) 250K 

Solution 


(A) AG=AH -TAS. At equilibrium AG = 0. So, 
T= AH _ 30 «10° 
AS 75 


= 400K 


- One mole of a monatomic ideal gas expands adiabatically 

at initial temperature T against a constant external pres- 

sure of 1 atm from 1 L to 3 L. The final temperature of the 

gas is 

(A) T (B) 7/30") 

(C) T-2/(1.5 x 0.082) (D) T + 2/(1.5 x 0.082) 
(IIT-JEE 2005) 


Solution 
(C) Work done against constant pressure p =p.,,(V,—V>) 


In adiabatic condition, Ag = 0 and w= AU. 


Therefore, ~ p,.(V, -V,)=>R(T, ~T,) 
(Since the expansion work is negative.) 


2 3 
Pou Vi -V2)=5 RT,— SRT, 


Given that p,,,= 1 atm, V,=3 Land V,=1L. Substituting 
and solving, we get 


a, re 
(3/2)R 1.5x0.0821 


2 


6. The direct conversion of A to B is difficult; hence it is 


carried out by the following path shown in Fig. 736. 


C= D 


| | 


A B 
Figure 7.36 
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Given that 


AS, sc) = 50 eu, AS(c_,p) =30 eu, ASi_, p) =20eu 


where eu is entropy unit. Then AS,,_, 5) is 
(A) +100 eu (B) +60 eu 
(C) -100 eu (D) -60eu (IIT-JEE 2006) 
Solution 


(B) AS,_.3=AS,_,¢ tAS(c.p) ~A5S3.p 
=50+30-—20=+ 60eu 


. The value of log,,K for a reaction A > B is 


Given: A. Hy. = —54.07 kJ mol” and 
( r 298K 


R= 8.314 JK ‘mol; 2.303 x 8.314 x 298 = 5705.) 


(A) 5 (B) 10 
(C) 95 (D) 100 (IIT-JEE 2007) 
Solution 


(B) AG® = AH® -TAS® = -54.07 — 298 x 10 
= —54070 — 2980 = -57050 J mol” 


Note that AG® = —2.303RT log K. Substituting values, 
we get 
57050 57050 
logK = = = 
2.303 x 8.314 298 5705 


. For the process H,O(l,1bar,373K)—>H,O(g, | bar,373K), 


the correct set of thermodynamic parameters is 


(A) AG=0,AS=+ve (B) AG=0,AS=—ve 
(C) AG=+ve, AS=0 (D) AG=-ve, AS=+ve 
(IIT-JEE 2007) 


Solution 


(A) At 100°C, H,O in liquid state has equilibrium with 
H,O in vapor phase; therefore, AG = 0. Also, the liquid 
molecules are converting into gaseous phase and we 
know that the randomness of system increases from 
the liquid to gaseous phase, so, AS = positive. 


. Statement 1: For every chemical reaction at equilibrium, 


standard Gibbs energy of reaction is zero. 
Statement 2: At constant temperature and pressure, chemi- 
cal reactions are spontaneous in the direction of decreasing 
Gibbs energy. 
(A) Statement 1 is True, Statement 2 is True: Statement 2 is 
a correct explanation for Statement 1. 
(B) Statement 1 is True, Statement 2 is True; Statement 2 is 
NOT a correct explanation for Statement 1. 
(C) Statement 1 is True, Statement 2 is False. 
(D) Statement 1 is False, Statement 2 is True. 
(IIT-JEE 2008) 


Solution 


(D) At equilibrium AG = 0, AG® of a reaction may or may 
not be zero. For a spontaneous reaction, AG < 0. 
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10. Statement 1: There is a natural asymmetry between con- 
verting work to heat and converting heat to work. 
Statement 2: No process is possible in which the sole result 
is the absorption of heat from a reservoir and its complete 
conversion into work. 

(A) Statement 1 is True, Statement 2 is True; Statement 2 is 
a correct explanation for Statement 1. 

(B) Statement 1 is True, Statement 2 is True; Reason is 
NOT a correct explanation for Statement 1. 

(C) Statement 1 is True, Statement 2 is False. 

(D) Statement 1 is False, Statement 2 is True. (IIT-JEE 2008) 


Solution 
(A) Conceptual, based on second law of thermodynamics. 


11. In aconstant-volume calorimeter, 3.5 g of a gas with molar 
mass 28 g mol” was burnt in excess oxygen at 298.0 K. The 
temperature of the calorimeter was found to increase from 
298.0 K to 298.45 K due to the combustion process. Given 
that the heat capacity of the calorimeter is 2.5 kJ K™, the 
numerical value for the change in internal energy of com- 


bustion of the gas in kJ mol is . (IT-JEE 2009) 


Solution 


(9) Energy released at constant volume due to combus- 
tion of 3.5 g of a gas =2.5 x 0.45. Hence, energy released 
due to combustion of 28 g (i.e., 1 mol) of a gas = 
(2.5 x 0.45 x 28)/3.5=9 kJ mol. 


12. Among the following, the state function(s) is (are) 
(A) internal energy. 

(B) irreversible expansion work. 

(C) reversible expansion work. 


(D) molar enthalpy. (IIT-JEE 2009) 


Solution 


(A), (D) Both internal energy and molar enthalpy 
depend only on the initial and final states, not on the path 
followed. 


13. The species which by definition has zero standard molar 
enthalpy of formation at 298 K is 

(A) Br,(g) (B) CL(g) 

(C) H,O(g) (D) CH,(g) (IT-JEE 2010) 


Solution 
(B) CL isa gas at 298 K while Br, is a liquid. 


14. Among the following, the intensive property is (properties 
are) 
(A) molar conductivity. 


(C) resistance. 


(B) electromotive force. 
(D) heat capacity. 
(IIT-JEE 2010) 


Solution 


(A), (B) Resistance and heat capacity are mass-dependent 
properties, hence extensive. 


15. One mole of an ideal gas is taken from a to b along two 


paths denoted by the solid and the dashed lines as shown 


om 
(7 
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in the graph (Fig. 737). If the work done along the solid line 
path is w, and that dotted line path is w,, then the integer 


closest to the ratio w,/w, is (IIT-JEE 2010) 
4.55 
4.0- 
3.54 
a 3.05 
— 251 
o 
= 2.0- 
1.55 
1.05 
0.54 
0.0 T T T T T T T T T T Lf 1 
0.0 05 10 15 2.0 25 3.0 35 40 45 5.0 5.5 6.0 
V(L) 
Figure 7.37 
Solution 
(2) The work done along the dotted line w, is calculated as 
w,=4x154+1x1+0.75x2.5 
= 8.667 L atm 
The process depicted by the solid line is isothermal. 
55 
w, = —-2 x 2.303 logs =-2 x 2.303 x log11 
= —2 x 2.303 x 1.0414 = -4.79 
Wit ED Lp gia 
w, 4.79 
15. Match the transformations in Column I with appropriate 


options in Column IT 


Column | Column Il 
(A) CO, (s)>CO,(g) 
(B) CaCO,(s) >CaO(s)+CO,(g) (q) Allotropic change 
(C) 2H(g) >H,(g) 


(D) P(white,solid) > P(red, solid) (s) AS is positive 


(p) Phase transition 


(r) AH is positive 


(t) AS is negative 


(IIT-JEE 2011) 
Solution 


A (p,r,s);B — 1,s;C > (t); D > (q,1, t) 


(A) CO,(s)— CO,(g) AH = +ve, phase transition and AS = 
+ve. 

(B) CaCO,(s)>CaO(s)+CO,(g) AH = +ve, no phase 
transition and AS = +ve. 

(C) 2H(g)>H,(g). Two particles give one gaseous parti- 
cle, so AS = —ve. 

(D) P(white,solid)>P(red, solid) AH = +ve, AS = +ve, allo- 
tropic change, that is, phosphorus is getting changed 
from one allotrope form into another. 
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16. For an ideal gas, consider only p—V work in going from an 


17. 


initial state X to the final state Z. The final state Z can be 
reached by either of the two paths shown in the Fig. 738. 
Which of the following choice(s) is(are) correct? [Take AS 
as change in entropy and w as work done] 


X Y 
= > 
€ os 
a ie 
Z 
> 
vi) 
Figure 7.38 


(IIT-JEE 2012) 
(A) AS, ,7 = ASy ,y + ASY_,7 
(B) Wy.7 =Wxoy t+ Wy iz 
(C) Wx sy5z =Wxsy 


(D) ASy_,y,z = ASx_,y 


Solution 
(A, C) As entropy is a state function and is additive 


AS. _,7 = ASy_,y + ASY_,7 


On moving from Y to Z, the work done is zero as the volume 
is kept constant (isochoric process) 


Wxsyoz = Wxoy 
The reversible expansion of an ideal gas under adiabatic 


and isothermal conditions is shown in Fig. 739. Which of 
the following statement(s) is (are) correct? 


(P1,V4, 74) 


Isothermal 


Adiabati 
Pp eae (P2,Vo, To) 
(P3,V3, Ts) 
> 
V 
Figure 7.39 
(A) T,=T, (B) T;>T, 
(C) Wysothermal > Wadiabatic (D) AU gotnermat > AU aaiabatic 
(IIT-JEE 2012) 


19. 


20. 


21. 
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Solution 


(A, D) For isothermal process, T,= T,. Work done in iso- 
thermal process is less than adiabatic process. In case of iso- 
thermal process, the temperature remains constant so there 
is no change in the internal energy, whereas in case of adi- 
abatic process expansion occurs through internal energy. 


The standard enthalpies of formation of CO, (g), H,O (1) 
and glucose(s) at 25°C are -400 kJ mol, -300 kJ mol 
and -1300 kJ mol", respectively. The standard enthalpy of 
combustion per gram of glucose at 25°C is 
(A) +2900 kJ (B) -2900 kJ 
(C) -16.11 kJ (D) +16.11 kJ 

(JEE Advanced 2013) 


Solution 


(C) The reaction involved is 


C,H,,0,(s)+60,(g) > 6CO,(g) + 6H,O(1) 
AH = ZAH (products) — LAH (reactants) 
= 6(—400) + 6(—300) — (-1300) = -2900 kJ mol 
Now, | mol of glucose = 180 g of glucose, so enthalpy of 
combustion per gram of glucose at 25°C is 


ne —2900 - 


-16.11 kJ g* 


Benzene and naphthalene form an ideal solution at room 
temperature. For this process, the true statement(s) is(are) 


(A) AG is positive. (B) AS. .tem iS positive 
(C) AS wirrotitidings =0 (D) AH =0 

(JEE Advanced 2013) 
Solution 


(B), (C), (D) For an ideal solution formed by benzene and 
naphthalene, AH, = 0, AS. >0O and AS. =0. 


mixing system surroundings 


Paragraph for Questions 21 and 22: A fixed mass m of a 


gas is subjected to transformation of states from K to L to 
M to N and back to K as shown in the figure 


Pressure 


N M 


Volume 


The succeeding operations that enable this transformation 
of states are 
(A) Heating, cooling, heating, cooling 
(B) Cooling, heating, cooling, heating 
(C) Heating, cooling, cooling, heating 
(D) Cooling, heating, heating, cooling 
(JEE Advanced 2013) 
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22. 


23. 


Solution 
(C) From the graph 
K L 
) | 
3 
3 
a 
N M 
Volume —> 


As the term pV increases, the temperature increases; 
and when pV decreases the temperature decreases. 
The term pV increases K° L, so this involves heating 
and is an isobaric process. 

It increases from N° K, so this involves heating and 
is an isochoric process. 

It decreases from M° N,so this involves cooling and 
is an isobaric process. 

It decreases from L° M,so this involves cooling and 
is an isochoric process. 


The pair of isochoric processes among the transformation 
of states is 

(A) K to Land LtoM 
(C) LtoMandMtoN 


(B) LtoMandN toK 
(D) MtoNandNtoK 
(JEE Advanced 2013) 


Solution 


(B) From the above solution, we have 
From K° L: heating (isobaric) 
From L° M: cooling (isochoric) 
From M° N: cooling (isobaric) 
From N° K: heating (isochoric) 


An ideal gas in a thermally insulated vessel at internal 
pressure = p,, volume = V, and absolute temperature = 
T, expands irreversibly against zero external pressure, as 
shown in the diagram. The final internal pressure, volume 
and absolute temperature of the gas are p,, V, and T,, 


respectively. For this expansion, 
[maeo 
i Po; V2, To 


Irreversible 
_——__—_—_<_—_—> 


Pi, V4, 7 


Thermal insulation 


(A) q=90 (B) 7-7; 
(C) p,V,=p.V, (D) pV; = pV 
(JEE Advance 2014) 


24. 


25. 


26. 


Telegram @unacademyplusdiscounts 


Solved Objective Questions from Previous Year Papers 


Solution 


(A), (B), (C) As the vessel is thermally insulated so, q = 0. 
Therefore, AU = 0, AT = 0 = T, = T,. According to com- 
bined gas law equation, 
P2V, _ DV, 
r, T, 


For the process 


= pV, = pV, 


H,O(1) ° H,O(g) 


at T= 100°C and 1 atmosphere pressure, the correct choice is 


(A) AS yystem >0 and AS a icecssinclings >0 
(B) AS system >0 and AS yrroundings< 0 
(C) AS sisicin <0 and AS siccoinitings >0 
(D) AS stein <0 and AS wiccoiinitings <0 
(JEE Advanced 2014) 
Solution 
(B) We know that 
AS stem + AS, =0=>AS = -AS, 


system surroundings 


For the given reaction, AS 
<0. 


system surroundings 


> 0 and therefore, AS. 


system surroundings 


Match the thermodynamic processes given under column I 
with the expressions given in Column IT 


Column | Column Il 


(A) Freezing of water at 273 Kandlatm (p) q=0 


(B) Expansion of 1 mol of an ideal (q) w=0 


gas into a vacuum under isolate 


conditions 
(C) Mixing of equal volumes of two ideal (rT) AS... <0 
gases at constant temperature and 
pressure in an isolated container 
(D) Reversible heating of H, (g) atl atm (s) AU=0 
from 300 K to 600 K, followed by 
reversible cooling to 300 K at 1 atm 
(t) AG =0 
(JEE Advanced 2015) 


Solution 


A® (1,t);B° (p,q,s),B° (p,q,s),D° (p,q,s,t) 

A° During freezing of water entropy decreases, AS, < 0, 

AG =0. 

In vacuum, free expansion work done = 0. So, g = 0 

and AU =0. 

C° For an ideal gas in isolated condition g = 0, AU = 0,so 
as per first law w = 0. 

D° The process is cyclic through unique reversible path, 
hence AU = 0 (cyclic), AG = 0. 

w =0 (positive and negative work are same and opposite) 
and gq =0. 


Be? 


The correct relationship between free energy change in a 

reaction and the corresponding equilibrium constant K; is 

(A) AG =RTInK, (B) -AG =RTIn kK, 

(C) AG°=RT In K, (D) -AG° = RT In K, 
(AIEEE 2003) 
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Solution 
(D) AG° =—RT In K, or -AG° = RT In K¢. 


27. If at 298 K the bond energies of C 
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37. 


38. 


39. 


Given that the standard states for iodine and chlorine are L(s) 

and CL(g), the standard enthalpy of formation for ICI(g) is 

(A) -14.6 kJ mol! (B) -16.8 kJ mol 

(C) +16.8 kJ mol" (D) +244.8 kJ mo! 
(AIEEE 2006) 


Solution 
(C) The required equation is 
11,(8)+4C1,(g) > ICI) 
1 1 1 


2 lasts 5 thes + $AHe. a -[AA, «| 


7 : x 62.76 4 : x 151.04 : x 242.3 |—[211.3] 
2 2 2 


= 228.03 — 211.3 = 16.73 kJmol” 


(AH — AU) for the formation of carbon monoxide (CO) 
from its elements at 298 K is (R = 8.314 J K’ mol”) 


(A) -1238.78 J mo! (B) 1238.78 J mol" 
(C) -247757 J mol" (D) 247757 J mol! 
(AIEEE 2006) 


Solution 


(A) We know that H= U + pV. So, 
AH = AU + A(pV) = AH - AU=A(pV) 
Also, A(pV) = An, RT for an ideal gas. 
Therefore, AH — AU = An,RT 
Now, An, = 2 for the reaction O,(g) + 2C(s) + 2CO(g). So, 


AH-AU=-3 X8.314 x 298=—1238.78 Jmol” 


In the conversion of limestone to lime, CaCO,(s) > CaO(s) + 
CO,(g), the values of AH° and AS? are 179.1 kJ mol and 
160.2 J K', respectively, at 298 K and 1 bar. Assuming that 
AH? and AS° do not change with temperature, the tempera- 
ture above which conversion of limestone to lime is 


(A) 11118 K (B) 1008 K 
(C) 1200K (D) 845K 

(AIEEE 2007) 
Solution 


(A) We will find out the equilibrium temperature at which 
AG = 0. We know that 
AG = AH — TAS 
0=AH - TAS 
Therefore, AH = TAS. Hence, 
_ 179.1 x 1000 
160.2 


=1118K 


Assuming that water vapor is an ideal gas, the internal 
energy change (AU) when 1 mol of water is vaporized at 1 
bar pressure and 100°C will be (given that molar enthalpy of 
vaporization of water at 1 bar and 373 K is 41 kJ mol K"') 
(A) 4.1 kJ mol" (B) 3.7904 kJ mol 
(C) 37904 kJ molt (D) 41.0 kJ mo! 

(AIEEE 2007) 


Solution 


(D) The reaction is 


40. 


41. 


42. 


= 
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H,O(1) Vaporization H,O(g) 
Where An, = 1 -0= 1. Now, 
AH =AU+ An, RT 
AU = AH - An, RT = 41-8.3 x 10° x 373 
= 37.9 kJ mol’ (AIEEE 2007) 


Oxidizing power of chlorine in aqueous solution can be 
determined by the parameters indicated below. 


1 . 5 
7CL(g) #2 Cr(g)—tm#*2 Cg) Cr-(aq) 


The energy involved in the conversion of 5Cl,(g) to CI’(g) 
(using the data, Aj, H°,,,= 240 kJ mol", 
Avon = -349 kJ mol”, A, , He, =—-381 kJ mol) will be 


+ mol = mol 
(A) +152 kJ molt B) -610 kJ mor 
(D) +120 kJ mol" 


(C) -850 kJ mol 


hyd 


Solution 


(B) For the reaction 
1 - 
3 Cl, (g) > Cl (aq); 


AH = Th+ AH, +H, 


= oe -349-381- —610 KJ mo! 


(AIEEE 2008) 


Standard entropies of X,, Y, and XY, are 60, 40 and 50 J 
K mol", respectively. For the reaction, 


3X, +2Y, > XY, 


(AIEEE 2008) 
AH =-30 kJ, to be at equilibrium, the temperature will be 


(A) 1250K (B) 500K 
(C) 750K (D) 1000 K 
Solution 


(C) 5X, + }Y, > XY,-AH =-30kJ 


A,S = 50 (F404 5x60) = 40 J mol 


Since, AG = AH —TAS and at equilibrium AG = 0, we 
have 

Te AH _ -30 

AS —-40 


x 10° = 750K 


In a fuel cell, methanol is used as fuel and oxygen gas is 
used as an oxidizer. The reaction is 


CH,OH(1) + $0, (g) > CO,(g) + 2H,O(1) 


At 298 K, standard Gibbs energies of formation for 
CH,OH(I), H,O(I) and CO, (g) are -166.2, -2372 and 
-394.4 kJ mol", respectively. If standard enthalpy of com- 
bustion of methanol is —726 kJ mol’, efficiency of the fuel 
cell will be: 
(A) 90% 

(C) 80% 


(B) 97% 


(C) 87% (AIEEE 2009) 
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43. 


44. 


Solution 
(B) 
CH,OH(I) + 5 O,(g) > CO,+ 2H, O(D) 


AG® = AG°(CO,) + 2AG°(H,O) - AG°(CH,OH) 
= -394 — 2(2372) + 166.2 = — 702.6 kJ mol™ 


Efficiency of fuel cell = AG® _ —702.6 
AH° = —726 


x 100 = 97% 


On the basis of the following thermochemical data: 
(A,G°H"*(aq) = 0 

H,O()) > H’(aq) + OH (aq); AH =5732 KJ 

H,(g) + 50,(g)—> H,O(I); AH =~ 286.20 KJ 

The value of enthalpy of formation of OH ion at 25° is: 

(A) +228.88 kJ (B) -343.52 kJ 


(C) -22.88 kJ (D) —228.88 kJ 
(AIEEE 2009) 


Solution 
(D) Adding the given equations, we ger 
H,(g) + 50,(g)>H (aq) + OH (aq) 


AH = — 228.88 KJ mol 
Now, A,H° of H*(aq) = 0, so A,H° of OH (aq) = 
—228.88 kJ. 


The standard enthalpy of formation of NH, is —46.0 kJ 
mol”. If the enthalpy of formation of H, from its atoms is 
—436 kJ mol" and that of N, is -712 kJ mol", the average 
bond enthalpy of N 
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REVIEW QUESTIONS 


10. 


11. 


12. 


. Why do standard reference values for temperature and 


pressure have to be selected when we consider and com- 
pare heats of reaction for various reactions? What are the 
values for the standard temperature and standard pressure? 


. What distinguishes a thermochemical equation from an 


ordinary chemical equation? 


. Why are fractional coefficients permitted in a balanced 


thermochemical equation? If a formula in a thermochemi- 
cal equation has a coefficient of (1/2), what does it signify? 


. What two conditions must be met by a thermochemical 


equation so that its standard enthalpy change can be given 
the symbol AH? 


. Calculate AH” in kilojoules for the following reaction, the 


preparation of the unstable acid nitrous acid, HNO,,. 
HCl(g) + NaNO,(s) > HNO, (1) + NaCl(s) 
Use the following thermochemical equations. 


2NaC\(s) + H,O(1) > 2HCI(g) + Na,O(s) AH® = +50731 kJ 
NO(g) + NO,(g) + Na,O(s) > 2NaNO,(s) AH® = —42714 kJ 
NO(g) + NO,(g) > N,O(g) + O, (g) AH® = —42.68 kJ 
2HNO,(1) — N,O(g) + O,(g) +H,O() AH® =4+34.35 kJ 


. Which quantities in the statement of the first law are state 


functions and which are not? 


. What are the units of pAV if pressure is expressed in pas- 


cals and volume is expressed in cubic meters? 


. Which of the following changes is accompanied by the 


most negative value of AU? 
(a) A spring is compressed and heated. 
(b) A compressed spring expands and is cooled. 
(c) A spring is compressed and cooled. 
(d) A compressed spring expands and is heated. 


. At constant pressure, what role does the enthalpy change 


play in determining the spontaneity of an event? 


How do the probabilities of the initial and final states in a 
process affect the spontaneity of the process? 


How is the entropy of a substance affected by 
(a) an increase in temperature, 

(b) a decrease in volume, 

(c) changing from a liquid to a solid, and 

(d) dissociating into individual atoms? 


An instant cold pack contains a packet of solid ammonium 
nitrate surrounded by a pouch of water. When the packet 
of NH,NO, is broken, the solid dissolves in water and a 
cooling of the mixture occurs because the solution process 
for NH,NO, in water is endothermic. Explain, in terms of 
what happens to the molecules and ions, why this mixing 
occurs spontaneously. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


Would you expect the entropy of an alloy (a solution of 
two metals) to be zero at 0 K? Explain your answer. 


When glucose is oxidized by the body to generate energy, 
part of the energy is used to make molecules of ATP (aden- 
osine triphosphate). However, of the total energy released 
in the oxidation of glucose, only 38% actually goes to mak- 
ing ATP. What happens to the rest of the energy? 


When a warm object is placed in contact with a cold one, 
they both gradually come to the same temperature. On a 
molecular level, explain how this is related to entropy and 
spontaneity. 


Considering the fact that the formation of a bond between 
two atoms is exothermic and is accompanied by an entropy 
decrease, explain why all chemical compounds decom- 
pose into individual atoms if heated to a high enough 
temperature. 


Why are the heats of formation of gaseous atoms from 
their elements endothermic quantities? 


Show that for an isothermal expansion of an ideal gas, 
(a) AV=0 and 
(b) AH=0 


Many reactions that have large negative values of AG® are 
not actually observed to happen at 25°C and 1 atm. Why? 


What factors must you consider to determine the sign of 
AS for the reaction 2HI(g) > H,(g) + L(s)? 


Predict the algebraic sign of the entropy change for the fol- 
lowing reactions. 

(a) L(s) > L(g) 

(b) Br,(g) + 3CL, (g) > 2BrCl,(g) 

(c) NH,(g) + HCl (g) — NH,Cl\(s) 

(d) CaO(s) + H,O(1) — Ca(OH),(s) 


Approximately how much energy would be released dur- 
ing the formation of the bonds in one mole of acetone 
molecules? 
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26. When potassium iodide dissolves in water, the mixture (a) Write the balanced thermochemical equation that 


becomes cool. For this change, which is of a larger magni- 
tude, TAS or AH? 


27. The enthalpy of combustion, A.H° of oxalic acid, H,C,O,(s), 


is -246.05 kJ mol’. Consider the following data: 


describes the combustion of one mole of oxalic acid. 
(b) 


Write the balanced thermochemical equation that 
describes the formation of one mole of oxalic acid. 


(c) Use the information in the table above and the 
equations in parts (a) and (b) to calculate AH? for 


Substance A,H® (kJ mol) -S° (J mol K”’) oxalic acid. 

C(s) 0 5.69 (d) Calculate A;S° for oxalic acid and AS° for the 
CO,(g) -393.5 213.6 combustion of one mole of oxalic acid. 

H,(g) 0 130.6 (e) Calculate A;G° for oxalic acid and AG® for the 
H,O(1) 285.8 69.96 combustion of one mole of oxalic acid. 

O,(g) 0 205.0 

H,C,O,(s) ? 120.1 


1. A 5.00 g mass of a metal was heated to 100.0°C and then 


plunged into 100.0 g of water at 24.0°C. The temperature of 
the resulting mixture became 28.0°C. 

(a) How many joules did the water absorb? 

(b) How many joules did the metal lose? 

(c) What is the heat capacity of the metal sample? 

(d) What is the specific heat of the metal? 


. A sample of copper was heated to 120°C and then thrust 
into 200 g of water at 25.00°C. The temperature of the 
mixture became 26.5°C. 

(a) How much heat in joules was absorbed by the water? 
(b) The copper sample lost how many joules? 

(c) What was the mass in grams of the copper sample? 


. What is the molar heat capacity of ethyl alcohol, C,H,OH, 
in units of J mol "°C", if its specific heat is 0.586 cal g'°C'? 


. Adilute solution of hydrochloric acid with a mass of 610.29 g 
and containing 0.33183 mol of HCI was exactly neutralized 
in a calorimeter by the sodium hydroxide in 615.31 g of 
a dilute NaOH solution. The temperature increased from 
16.784 to 20.610°C. The specific heat of the HCl solution 
was 4.031 J g ‘°C’; that of the NaOH solution was 4.046 
J g ‘°C. The heat capacity of the calorimeter was 77.99 J°C™. 
Write the balanced equation for the reaction. Use the data 
above to calculate the heat evolved. What is the heat of 
neutralization per mole of HCl? Assume that the original 
solutions made independent contributions to the total heat 
capacity of the system following their mixing. 


. ALS g sample of liquid toluene was placed in a bomb calo- 

rimeter along with excess oxygen. When the combustion of 

the toluene was initiated, the temperature of the calorimeter 

rose from 25.000°C to 26.413°C. The products of the combus- 

tion are CO,(g) and H,O(1), and the heat capacity of the calo- 

rimeter was 45.06 kJ°C™. 

(a) Write the balanced chemical equation for the reaction 
in the calorimeter. 

(b) How many joules were liberated by the reaction? 

(c) How many joules would be liberated under similar 
conditions if 1.00 mol of toluene were burned? 


10. 


NUMERICAL PROBLEMS 


6. 


Ammonia reacts with oxygen as follows. 

(a) Calculate the enthalpy change for the combustion of 1 
mol of NH,. 

(b) Write the thermochemical equation for the reaction in 
which one mole of H,O is formed. 


4NH,(g)+70,(g) > 4NO,(g) + 6H,O(g); 
AH® =-1132 kJ 


. Construct an enthalpy diagram for the formation of NO,(g) 


from its elements by two pathways: first, from its elements 
and, second, by a two-step process, also from the elements. 
The relevant thermochemical equations are 


3N,(g) + 0,(g) > NO,(g) 


3N,(g) + 30,(g) > NO(g) 


AH® = +33.8 KJ 
AH® = +90.37 KJ 


NO(g) +30(g) > NO,(g) AH? =? 


Be sure to note the signs of the values of AH° associated 
with arrows pointing up or down. Using the diagram, 
determine the value of AH® for the third equation. 


. A2 kg piece of granite with a specific heat of 0.803 J g' C* 


and a temperature of 95°C is placed into 2 L of water 
at 22.0°C. When the granite and water come to the same 
temperature, what will that temperature be? 


. Suppose a truck with a mass of 14 tons (1 ton = 90718 kg) 


is traveling at a speed of 72.42 kmh". If the truck driver 
slams on the brakes, the kinetic energy of the truck is 
changed to heat as the brakes slow the truck to a stop. How 
much would the temperature of 19 L of water increase if all 
the heat could be absorbed by the water? 


Ethanol, C,H;OH, is made industrially by the reaction of 
water with ethylene, C,H,. Calculate the value of AH” for 
the reaction 


C,H,(g) + H,O() = C,H;OH(1) 
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12. 


13. 


14. 


15. 


16. 


Given the following thermochemical equations, 


C,H, (g) + 30,(g)>2CO,(g)+2H,O(1); 
AH® =-1411.1kJ 
C,H,OH(1)+30,(g)>2CO,(g)+3H,O(1); 
AH® = -1367.1 kJ 


Calculate the maximum work that could be obtained from 
the combustion of 100 g of ethanol, C,H,OH(1). How does 
it compare with the maximum work from the combustion 
of 100 g of C,H,,(1)? Which is the better fuel? 


The heat of vaporization of mercury is 60.7 kJ mol”. For 
Hg(1), S°=76.1 J mol K "and for Hg(g), S°=175 Jmol'K™. 
Estimate the normal boiling point of liquid mercury. 


Suppose that you were pumping an automobile tire with a 
hand pump that pushed 24.0 in.’ of air into the tire on each 
stroke, and that during one such stroke the opposing pressure 
in the tire was 30.0 lb in. ~ above the normal atmospheric pres- 
sure of 14.7 Ib in.*. Calculate the number of joules of work 
accomplished during each stroke. (1 L atm = 101.325 J.) 


A 10 L vessel at 20°C contains butane, C,H,,(g), at a pres- 
sure of 2 atm. What is the maximum amount of work that 
can be obtained by the combustion of this butane if the gas 
is first brought to a pressure of 1 atm and the temperature 
is brought to 25°C? Assume the products are also returned 
to that same temperature and pressure. 


Calculate the entropy change when 1.8 g of water is com- 
pletely converted into vapor at 100°C. The molar heat of 
vaporization is 40.85 kJ mol”. 


Alcohol is oxidized to acetic acid if it is left exposed to air. 
The equation for the reaction is 


C,H,OH(1) +O,(g) — HC,H,O, (1) +H,O(1) 


Calculate AS° for the reaction in J K™. 


17. 


18. 


19. 


20. 


21. 


22. 


om 
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Additional Objective Questions 


Phosgene, COCL, reacts with the moisture in the lungs to 
produce HCl, which causes the lungs to fill with fluid, and 
CO, which asphyxiates the victim. Both lead ultimately to 
death. For COCL(g), S° = 284 J mol K™ and AH? = -223 
kJ mol". Use this information and the data in Table 6.3 to 
calculateAG? for COCL,(g) in kJ mol”. 


Gasohol is a mixture of gasoline and ethanol (grain alco- 
hol), C,H;OH. Calculate the maximum work that could be 
obtained at 25°C and 1 atm by burning 1 mol of C,H;OH. 


For the melting of aluminum, Al(s) > Al(1), AH? = 10.0 kJ 
mol ‘and AS°=9.50 J mol K™. Calculate the melting point 
of Al. (The actual melting point is 660°C.) 


Which of the following reactions (equations unbalanced) 
would be expected to be spontaneous at 25°C and 1 atm? 
(a) PbO(s) + NH,(g) — Pb(s) + N,(g) + H,O(g) 

(b) NaOH(s) + HCl(g) > NaCl(s) + H,O(/) 

(c) ALO,(s) + Fe(s) > Fe,O,(s) + Al(s) 

(d) 2CH,(g) > C,H,(g) + H,(g) 


The reaction CO(g) + H,O(g) = HCHO,(g) has AG? = 
+79.8 kJ mol". If a mixture at 400°C contains 0.04 mol CO, 
0.022 mol H,O, and 3.8 x 10° mol HCHO, in a 2.50 L con- 
tainer, is the reaction at equilibrium? If not, in which direction 
will the reaction proceed spontaneously? 


The standard heat of formation of ethylene, C,H,(g), is 
+52.284 kJ mol”. Calculate the C 
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7. 


10. 


11. 


12. 


13. 


14. 


15. 


Which of the following reactions represents A,, ,H: 

(A) CuSO,(s) “> CuSO,(aq); AH =— x kJ 

(B) BaCL(s) + 2H,O(1) > BaCl,+ 2H,O(s); AH =-y kJ 

(C) CuSO,(s) + 5H,O(1) “8 CuSO,: 5H,O(aq); AH = 
—zkJ 

(D) None of these 


. Which one of the following statements is false? 


(A) Work is a state function. 

(B) Temperature is a state function. 

(C) Work appears at the boundary of the system. 

(D) Change in the state is completely defined when the 
initial and final states are specified. 


. A gas mixture consisting of 3.67 L of ethylene and meth- 


ane on complete combustion at 25°C produces 6.11 L of 
CO,. Find out the amount of heat evolved on burning 1 
L of the gas mixture. The heats of combustion of ethylene 
and methane are —1423 and —891 kJ mol", respectively, at 
25°C 

(A) 30.88 kJ 
(C) 50.88 kJ 


(B) 20.28 kJ 
(D) 60.18 kJ 


If 1 kcal of heat is added to 1.2 L of oxygen in a cylinder at 
constant pressure of latm, the volume increases to 1.5 L. 
Hence, AU for this process is: 

(A) 0.993 kcal (B) 1.0073 kcal 

(C) 0.0993 kcal (D) 1.00073 kcal 


For A > B,AH=4 kcal mol’, AS =10 cal mol’ K™. Reaction 
is spontaneous when temperature can be 

(A) 400K (B) 300K 

(C) 500K (D) None of these. 


d(AG) 


If AG=AH —TAS and AG=AH + r{ ) then variation 
P 


of EMF of a cell E, with temperature 7 is given by 


AH AG 
oe er Ce en 

AS AS 
er (a aaa 


For the reaction X,O,(1) — 2XO,(g), AU = 2.1 kcal. AS = 
20 cal K™ at 300 K. Then, AG is 

(A) 2.7 kcal (B) -2.7 kcal 

(C) 9.3 kcal (D) -9.3 kcal 


From the following data of AH, of the following reactions, 
C(s) + +O,(g) > CO(g); AH; = -110 kJ 
C(s) + H,O(g) > CO(g) + H,(g); AH -132 kJ 


What is the mole composition of the mixture of steam and 
oxygen on being passed over coke at 1273 K, keeping tem- 
perature constant. 

(A) 0.5:1 (B) 0.6:1 

(C) 0.8:1 (D) 1:1 

For a reaction, A + B > AB, AC, is given by the equation 


40 +5 x 10° T J K" in the temperature range 300-600 K. 
The enthalpy of the reaction at 300 K is —25.0 kJ. Calculate the 


16. 


17. 


18. 


19. 


20. 


Z1, 


22. 


23. 
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enthalpy of the reaction at 450 K. Also S°(NO,) — 575 cal 
deg ', S°(O,) — 49.0 cal deg”, S°(NO) = 50.3 cal deg, S° (O;) 


= 56.8 cal deg’. 
(A) -10.12 kJ (B) -28.32 kJ 
(C) -18.72 kJ (D) -8.21 kJ 


The enthalpy of neutralization of HCl by NaOH is -55.9 kJ 
mol". If the enthalpy of neutralization of HCN by NaOH 
is -12.1 kJ mol”, the enthalpy of dissociation of HCN is 
(A) -43.8 kJ (B) 43.8 kJ 

(C) 68kJ (D) -68 kJ 


Which of the reaction defines AH,°? 
(A) 7H,(8)+>F(g) > HF(g) 

(B) CO(g)+ 70,(g) > CO,(g) 

(C) C +0,(g)>CO,(g) 

(D) 


N,(g) + 3H,(g) > 2NH;(g) 
If AH of a reaction is 100 kJ mol”, then the activation 
energy must be 
(A) greater than 100 kJ mol (B) less than 100 kJ mol 
(C) equal to100kJ mol’ = (D) none of these. 


Heat of hydrogenation of ethene is x, and that of benzene 
is x,. Hence resonance energy is 


(A) x, -x, (B) x, +x, 
(C) 3x,-x, (D) x, - 3x, 
Heat of neutralization of oxalic acid is —25.4 k cal mol“ using 


strong base, NaOH. Hence, enthalpy change of the process 
is H,C,O, =2H*+C,O7 is 


(A) 2.0 kcal (B) -11.8 kcal 
(C) 10 kcal (D) -1.0 kcal 
The lattice energy of NaCl is -780 kJ mol. The enthalpies 


of hydration of Na*(g) and CI'(g) ions are -406 kJ mol and 
-364 kJ mol". The enthalpy of solution of NaCl(s) is 

(A) 738 kJ mol" (B) 10kJ mot! 

(C) -10 kJ mor! (D) -822 kJ mol™ 


Some of the thermodynamic parameters are state vari- 
ables while some are process variables. Some groups of the 
parameters are given. Choose the correct one. 
(A) State variables: Temperature, Number of moles 
Process variables: Internal energy, work done by the gas 
(B) State variables: Volume, temperature 
Process variables: Internal energy, work done by the gas 
(C) State variables: work done by the gas, heat rejected by 
the gas. 
Process variables: Temperature, volume 
(D) State variables: Internal energy, volume 
Process variables: Work done by the gas, heat absorbed 
by the gas 


Using only the following data: 
Fe,O,(s) + 3CO(g) = 2Fe(s) + 3CO,(g); 
(1) AH® =-26.8 kJ 
Fe(s) + CO(g) = FeO(s) + CO(g); 
(II) AH®=+16.5kJ 
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28. 


the AH” value, in kilojoules, for the reaction 


Fe,O,(s) + CO(g) > 2FeO(s) + CO,(g) is calculated as 


(A) -43.3 (B) -10.3 

(C) +6.2 (D) +10.3 

The Kirchhoff’s equation gives the effect of on 
heat of reaction. 

(A) pressure (B) temperature 

(C) volume (D) molecularity 


One mole of a real gas is subjected to heating at constant 
volume from (p,, V,, T,) state to (p,, V,, T,) state. Then it is 
subjected to irreversible adiabatic compression against con- 
stant atmosphere till system reaches the final state (p,, V;, T;). 
If the constant volume molar heat capacity of real gas is C). 
Find out correct expression for AH from state 1 to state 3. 
(A) C(T3- T,) + (PV, - PLV,) 

(B) CAT, ~ T,) a (P3V, —p,V,) 

(C) CAT, - T,) + (p3V, — pyV,) 

(D) CST, —T,)+ (pV, - PV) 


In which case of mixing of a strong acid and a base, each of 
1(N) concentration, temperature-increase is the highest? 
(A) 20 mL acid and 30 mL alkali 

(B) 10 mL acid and 40 mL alkali 

(C) 25 mL acid and 25 mL alkali 

(D) 35 mL acid and 15 mL alkali 


The molar entropy of vaporization of acetic acid is 14.4 cal 
K™ mo!" at its boiling point 118°C. The latent heat of 
vaporization of acetic acid is 

(A) 49 cal g* (B) 64cal g* 

(C) 94 cal g" (D) 84cal g* 


The bond energies of C 
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(C) Work done by the gas in both the processes would be 
equal. 
(D) Total heat given to the gas in (I) is greater than in (II). 


43. H,(g)+30,(g)>H,O(); AA, 
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6. When areal gas expends adiabatically against a finite pressure, 
(A) its internal energy increases. 
(B) its internal energy decreases. 
(C) its temperature always decreases. 
(D) its entropy always remains constant. 


7. Which of the following processes have positive value for AH? 
(A) H,(g) > 2H(g) 
(B) H’(aq) + OH (aq) > H,O(1) 
(C) H(g) >H(g) +e 
(D) H,O() > H,O0(s) 


8. C(s) + +O, > CO(g); 
AH°=— 26 kcal mol! 


CO(g) + 30, (g) => CO,(g); 
AH°= -68 kcal mol" 


Which is/are correct statement(s)? 

(A) heat of formation of CO, is -68 kcal mol 
(B) heat of combustion of C(s) is -26 kcal mol 
(C) heat of combustion of CO(g) -68 kcal mol 
(D) heat of formation of CO(g) is —26 kcal mo! 


9. An adiabatic process involves 
(A) no exchange of heat. 
(B) exchange of heat with change in volume. 
(C) work done equal to change in internal energy. 
(D) increase in temperature of the system under reversible 
compression. 


10. Figure 740 illustrates the energy change of a set of reactions. 


AH = -134 kJ mol"! 
P > Q 


AH = +92 kJ mol"! 


< 


R > S$ 
AH = -75 kJ mol"! 


Figure 7.40 


Which of the following statements are correct? 

(A) The enthalpy change for the reaction P > R is —33 kJ 
mol”. 

(B) The enthalpy change for the transformation R > Q 
will be endothermic. 

(C) The enthalpy change for the transformation R > Q 
will be exothermic. 


(D) The enthalpy change for the transformation S > P will 
be +42 kJ mol”. 
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11. Which of the following process take(s) place with decrease 
of entropy? 
(A) 3CO,(g) — 20,(g) 
(B) Sugar + Water —> Solution 
(C) 2SO,(g) + O,(g) > 2SO,(g) 
(D) H,(g) + CL(g) > 2HCI(g) 


12. Choose the incorrect combination(s). 


AH AS Temperature (T) Spontaneity 
(a) + - Any T Non-spontaneous 
(b) - - Low T Non-spontaneous 
(c) + Low T Spontaneous 
(d) - + Any T Spontaneous 
13. Mark out the correct one(s) about the pV plot system shown 
in Fig. 741. 
A 
1 atm 
0.5 atm bs 
1 | 
v Wi. V 
20L 40L 
Figure 7.41 


(A) The entropy change for the overall process is 0 (zero). 
(B) AH > AE for the overall process. 

(C) Total work, w=q. 

(D) Total work = -620.77 J. 


14. Which of the following statements are correct? 
(A) When AG = 0, the system is at equilibrium. 
(B) When AG <0, the process will be spontaneous. 
(C) When AG is negative, the process is said to be exergonic. 
(D) When AG is positive, the process is said to be endergonic. 


Assertion—Reasoning Type 


Choose the correct option from the following: 
(A) Statement 1 is True, Statement 2 is True; Statement 2 is 
a correct explanation for Statement 1. 
(B) Statement 1 is True, Statement 2 is True; Statement 2 is 
NOT a correct explanation for Statement 1. 
(C) Statement 1 is True, Statement 2 is False. 
(D) Statement 1 is False, Statement 2 is True. 


1. Statement 1: If a system goes from state A to state B by 
following reversible and irreversible process respectively 
then change in internal energy in both the process should 
be same. 


Statement 2: Change in internal energy is a state function. 


https://telegram.me/unacademyplusdiscounts 


Chapter 7 | Chemical Energetics 


10. 


11. 


. Statement 1: As solid changes to liquid and then to vapour 


state, entropy increases. 


Statement 2: As going from solid to liquid and then to 
vapour state, disorder increases. 


. Statement 1: Entropy of all elements is zero at 0 K. 


Statement 2: Standard entropy of all elements is greater 
than zero. 


. Statement 1: Internal energy of a system is an extensive 


property. 
Statement 2: The internal energy of a system depends upon 
the amount and physical state of the substance 


. Statement 1: For an adiabatic process pV’ = constant, where 


g is the ratio of C, and C,) 


Statement 2: The slope of isothermal process curve = yx slope 
of adiabatic curve 


. Statement 1: The temperature of a gas does not change 


when it undergoes an adiabatic expansion. 


Statement 2: During an adiabatic expansion of a real gas, 
the internal energy of the gas remains constant. 


. Statement 1: If Gibbs energy change of the system is neg- 


ative, the process is spontaneous even if the total Gibbs 
energy change of the system and the surroundings is 
positive. 

Statement 2: The spontaneity of a process depends only on 
the Gibbs energy change of the system. 


. Statement 1: The standard free energy of all spontaneous 


occurring reactions are positive because 


Statement 2: The free energies of elements standard states 
at 760 mm Hg and 298 K are taken as zero. 


. Statement 1: The enthalpy of formation of H,O(1) is greater 


than that of H,O(g) 


Statement 2: Enthalpy change is negative for the condensa- 
tion reaction : H,O(g)—> H,O(1) 


Statement 1: The enthalpy of formation of gaseous oxygen 
molecules at 298 K and under a pressure of one atm. is zero. 
Statement 2: The entropy of formation of gaseous oxygen 
molecules under the same condition is zero. 


Statement 1: The heat absorbed during the isothermal 
expansion of an ideal gas against vacuum is zero. 


Statement 2: The volume occupied by the molecules of an 
ideal gas is zero. 


. Statement 1: Heat energy is completely transformed 


into work during reversible isothermal expansion of an 
ideal gas. 


Statement 2: During a reversible isothermal process of an 
ideal gas, the changes in internal energy due to decrease 
in pressure are nullified by the changes due to increase in 
volume. 
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Comprehension Type 
Read the paragraphs and answer the questions that follow. 


Paragraph I 


Enthalpy of neutralization is defined as the enthalpy 
change when 1 mol of H’* in dilute solution combines with 
1 mol of OH o give rise to undissociated water, that is, 
H*(aq)+OH (aq) > H,O(1) AH=-5754kJ mo! or—-13.7 kcal mol". 
When 1 mol of strong monoprotic acid is mixed with 1 mol of 
strong base, the above neutralization reaction takes place. 

When a weak acid/base reacts with a strong base/acid, 
the release of heat is less than 5754 kJ mol". It is because of 
the fact that these acids/bases are not completely ionized in the 
solution. Some heat is consumed in ionizing them. 


1. When 1 g equiv. of NaOH reacts with 0.33 g equiv. of HCl, 
enthalpy change is — 4.6 cal. When 0.66 equivalent of HCl 
is further added, enthalpy change would be 
(A) -13.7 cal (B) -9.2 cal 
(C) 13.7cal (D) 9.2 cal 


2. In the following reaction, involving neutralization of HF (a 
weak acid) with NaOH (a strong base). 


HF (aq) + NaOH (aq) > NaF(aq) + H,O(I); 


the heat of neutralization is — 68.6kJmo! 

This value is much higher than the heat of neutralization of 

strong acid with strong base (=—-573 kJ mol’). This is because 

(A) in aqueous solution, HF behaves as a strong acid. 

(B) there is hydration of F ion in aqueous solution, and 
process is exothermic. 

(C) both A and B. 

(D) none of these. 


3. Heat of dissociation of CH,COOH is 0.005 kcal g’, hence 
enthalpy change when 1 mol of Ca(OH), is completely 
neutralized by CH,COOH is: 
(A) -274 kcal 
(C) -26.8 kcal 


(B) -13.6 kcal 
(D) —271 kcal 


Paragraph II 

Enthalpy of reaction is the heat change accompanying any 
reaction, depending upon the nature of the reaction the 
enthalpy of the reaction is named accordingly. For example, in 
the reaction 


CH, (g) + O,(g) > CO,(g) + H,O(); 
AH = -890.4 kJ mol” 
This reaction shown that 890.4 kJ of heat is produced when 
methane is completely burnt is known as heat of combustion. 
For example, in the reaction 
C(s) + O,(g) > CO, (g); 
AH = -393.5 kJ mol 
when CO,(g) is formed from its elements, that is, from C(s) and 


O,(g) 393.5 kJ of heat is produced and the process in heat of 
formation. 
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4. The enthalpy of formation of methane from the following 7. When two moles of NO, change into equilibrium mixture 
data with N,O,, then AG® is 
A= - A) -5.40 kJ (B) +5.40 kJ 
1) C(s)+0,(g)3 CO, (g); AH =—393.5kJ mol ( 
@ C8) is 2(8) (C) -6.24 kJ (D) 6.24 kJ 
H,(g)+ 50,(g)>H,O()); 
x 1 
(Il) AH=— 285.8 kJ mol 8. When one mole of N,O, changes into equilibrium mixture 
CH,(g) + 20, (g) > CO,(g) + 2H,0(1) with NO,, then AG° is 
(IH) AH =-890.4kJ /mol (A) -5.40 kJ (B) 0.84 kJ 
(A) -74.9 kJ mor! (B) 54.6kJ mol (C) -0.84 kJ (D) 6.24 
(C) 99.7 kJ mol" (D) -89.6 kJ mo! 


; 9. Select out the correct statement. 
5. Calculate the enthalpy of formation of sucrose (C,,H,,O,,),, 


from the following data: 
(1) AH =-5200.7 kJ mo! 
(Il) C(s)+O,(g) > CO,(g); AH =— 393.5kJ mol” 


(A) The conversion of N,O, into 2NO, is spontaneous. 

(B) The conversion of 2NO, into N,O, is non-spontaneous. 

(C) The attainment of equilibrium from N,O, and from 
NO, are both equally spontaneous. 


(III) H,(g)+3O,(g)>H,0(); (D) The attainment of equilibrium from two moles of NO, 
AH =— 285.8 kJ mol with N,O, is more spontaneous than the conversion of 

(A) -10.3 kJ mol? (B) +863.4 kJ mol! 2NO, into N,O,. 

(C) -26771 kJ mol! (D) -4321.3 kJ mol 


6. Calculate the enthalpy of combustion of benzene from the 
following data: 


(I) 6C(s) +3H,(g) > C,H, (1), AH = 49.0 kJ mol" The answer is a non-negative integer. 
(II) H,(g)+70,(g) > H,O()); 


Integer Answer Type 


1. 1 mol of monatomic perfect gas, initially at 1.0 atm pres- 


AH = ~285.8 kJ mol™ sure and at 300 K is heated reversibly to 400 K at constant 
(II) C(s)+ 0,(g) > CO,(g); volume. Calculate the change in internal energy and the 
AH = -389.3 kJ mol work done. 
(A) +463.6 kJ mol! (B) 432.4 kJ mol 
(C) -1432.3 kJ mol (D) -3242.2 kJ mol! 2. The amount of ice (in g) that remains when 52 g of ice is 


added to 100 g of water at 40°C is 


Paragraph III 3 
Consider the following reaction N,O,(g) > 2NO,(g). The Gibbs 
energy of the reaction occurring at 298 K and 1 atm has been 
plotted against the fraction of N,O, dissociated as shown in 

Fig. 742. 4. When 100 mL of each of HCl and NaOH solutions are 
mixed, 5.71 kJ of heat was evolved. The molarity of the 
solutions is 


. Standard Gibbs energy change for a reaction is zero. The 
value of equilibrium constant is 


5. Enthalpy of neutralization of HCl by NaOH is -5732 kJ 
mol" and by NH,OH is -51.34 kJ mol. 
Calculate the enthalpy of dissociation of NH,OH. 


YY — 


a 
§ 6. A gas expands against a constant external pressure so that 
& the work done is 6078 J. The work done in liter atmosphere 
| is 
-----------f------[------- NoO, 
0.84 kJ 
Sees Seas ee eee . 7. For the equilibrium reaction, the value of Gibbs energy 
T T T T T T F 
0.2 04 06 08 1.0 1S 
Fraction of N20, 
dissociated 
Figure 7.42 
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Matrix Match Type (B) Isobaric process (q) Aq=0asAE=q+w 


1. Match the process with the expression. (C) Isothermal process (r) w=0 
(D) Adiabatic process (s) AT=0 


Column | Column II 


(A) For spontaneous (p) DA,,,,,,/7(reactants)—>A,,,,,H 4. Match the signs of AH and AS with the nature of the reaction. 


(products) 
(B) Forendothermic (q) A,H=A,U Column Column 
nn (A) Negative and negative (p) Spontaneous only at 
(C) For dissociation (tr) AG <0 low temperature. 
(D) For solids and liq- > H(products)>> H (reactants) (B) Negative and positive (q) Spontaneous only at 
uids in a thermo- high temperature. 
chemical reaction (C) Positive and positive (r) Spontaneous at all 
(s) temperature. 
(D) Positive and negative (s) Non-spontaneous at 
2. Match the gas with the ration y= C,/C,. all temperature. 
Column | Column Il 5. Match the column correctly 
A) A i 1.20 
i. ‘tenth “a () Column | Column II 
(B) Carbon dioxide (q) 1.30 (A) Extensive properties  (p) Density (at constant p, 
(C) Carbon monoxide (r) 1.40 V and T pressure) 
(D) Helium (s) 1.66 (B) Closed system (q) Bursting of tyre 
. . (C) Path function (r) Additive in nature 
3. Match the process with the correct expressions . . 
(D) Adiabatic (s) U¥ constant 
Column | Column II (E) Intensive properties (t) Heat 


(A) Isochoric process (p) AS 


Review Questions 


. 25°C; 1 atm 

. A thermochemical equation contains the value for the associated AH. 

If 1/2 the amount of materials reacts, 1/2 the amount of heat will be generated or required. 

(a) produce one mole of a compound at 25°C and 1 atm and (b) the reactants must be elements in their standard states. 
-78.61 kJ 

Only AU is a state function 

Nm 


. Incase (b), g <0 and w <0 so AU is the most negative. 


SONOMA WN > 


= 
So 


. Spontaneous processes tend to proceed from states of low probability to states of higher probability. 


= 
ow 


. No. Only a pure substance can have an entropy of zero, and that too only at 0 K 


= 
- 


. Much of the energy is lost as heat which is used to maintain our body temperature. 


nN 
o 


. The number of moles of products versus reactants, the state of the products versus reactants and the complexity of the molecules. 


N 
= 


. (a) Positive; (b) negative; (c) negative; (b) negative 


NO 
N 


. 3.91 x 10° kJ released per mole of acetone formed. 
. CF, 


. TAS must be larger than the magnitude of AH in order to obtain a negative value for AG. 


N ND 
ao 
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Numerical Problems 


1: 


(a) 1.67 x 10° J; (b) 1.67 x 10° J; (c) 23.2 J°C*; (d) 4.64 J g'ec! 


3. 113.J mol °C! 
5. (a) CH, (1) + 90,(g) > 7CO,(g) + 4H,O(1); 


(b) 6.367 x 10* J; (c) 3.911 x 10° J 


6 B3.8°C 
» 44.0 kJ 


. 614K 

» 16.5 kJ 

. -136J K' 

» 1299.8 kJ 
. (a) and (b) 


. 605 kJ mol! 
- 945.36 kJ; 498.34 kJ 


Additional Objective Questions 
Single Correct Choice Type 


4. (A) 2. (B) 3. (D) 

6. (A) 7. (C) 8. (A) 
11(2) 12. (C) 13. (B) 
16. (B) 17. (A) 18. (A) 
21. (B) 22. (D) 23. (C) 
26. (C) 27. (C) 28. (C) 
31. (D) 32. (B) 33. (B) 
36. (B) 37. (B) 38. (A) 
41. (C) 42. (B) 43. (C) 
46. (B) 47. (C) 48. (C) 
Multiple Correct Choice Type 

1. (A), (B), (D) 2. (A), (B) 3. (C), (D) 

6. (B),(C), (D) 7. (A), (©) 8. (C), (D) 
11. (A,C) 12. (B,C) 13. (A,D) 


Assertion — Reasoning Type 


1. (A) 2. (A) 3. (A) 
6. (D) 7. (A) 8. (D) 
11. (D) 12. (C) 

Comprehension Type 

1. (B) 2. (B) 3. (D) 
6. (D) 7. (C) 8. (C) 
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Answers 


. 1.255 x 10° J; (b) 1.255 x 10° J; (¢) 34.7 g 


4. 19.24 kJ;-5798 kJ mo! 


6. (a) -283 kJ; (b) 4NH,(g)+20,(g)> 
2NO,(g)+H,O(g); AH® = -1132 /6 =-189 kJ 
9. 32°C 
11. The octane is a better fuel on both a per 
gram and per mole basis. 
13. 121J 
15. -269.75 JK" 
17. -209 kJ mol" 
19. 1.05 x 10°K 
21. Since the value of Q is larger than the value of 
K,, the system must shift to the left in order to 
reach equilibrium. 
23. 101.325 J 
4. (B) 5. (A) 
9. (C) 10. (A) 
14. (B) 15. (C) 
19. (C) 20. (A) 
24. (B) 25. (C) 
29. (A) 30. (D) 
34. (A) 35. (B) 
39. (B) 40. (A) 
44. (D) 45. (B) 
49. (A) 50. (B) 
4. (A), (B) 5. (A), (B),(C) 
9. (A), (B), (C) 10. (C), (D) 
14. (A,B,C,D) 
4. (A) 5. (C) 
9. (A) 10. (C) 
4. (A) 5. (C) 
9. (D) 
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Chapter 7 | Chemical Energetics 


Integer Answer Type 

1. (0) 2. (2) 3. (1) 4. (1) 5. (6) 
6. (6) 7. (0) 

Matrix—Match Type 

1. A(z); B > (s);C > (p); D > (q) 2. A (s);B > (1); C > (q);D > (p) 

3. A (1); B > (s); C > (p,s);D > (qs) 4. A> (p);B>(1);C > (q);D > (s) 


5. A >(r);B > (1); C > (8);D > (@)s E> (p) 
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Solutions 


The term solution is used in chemistry to describe a system in which 
one or more substances are homogeneously mixed or dissolved in 
another substance. A simple solution has two components: a solute 
and a solvent. The solute is the component that is dissolved or is 
the least abundant component in the solution. Solutes can be solids, 
like sugar dissolved in lemonade or the salts dissolved in sea water. 
Some solutes are liquid, like ethylene glycol dissolved in water to 
protect a vehicle’s radiator against freezing. Solutes, of course, can 
be gases, like carbon dioxide dissolved in carbonated beverages. 
The solvent is the dissolving agent or the most abundant compo- 
nent in the solution. When water is a component of a solution, it is 
usually considered to be the solvent even when it is present in small 
amounts and the solution is known as aqueous solution. 

In this chapter, we will study not only aqueous solutions, but 
also solutions involving other solvents. We will concentrate on liq- 
uid solutions, although solutions can also be gaseous or solid. In 
fact, all gases mix completely at the molecular level. Solid solutions 
of metals are called alloys, for example, brass, bronze, etc. 


8.1 | TYPE OF SOLUTIONS 


There is a wide variation in the ability of liquids to dissolve different 
solutes. For example, when salt is dissolved in water to form a solu- 
tion, it is the solute and water is the solvent; and the mixture is called 
abinary solution (because there are two constituents). Complex solu- 
tions containing more than one solute and/or more than one solvent 
are also common. The three states of matter—solid, liquid and gas— 
give us nine different types of solutions: solid dissolved in solid, solid 
dissolved in liquid, solid dissolved in gas, liquid dissolved in liquid 
and so on. Of these, the most common solutions are solid dissolved in 
liquid, liquid dissolved in liquid, gas dissolved in liquid, and gas dis- 
solved in gas. Some common types of solutions are listed in Table 8.1. 


Gaseous 
solute 


AH goin iS § 
exothermic ! 
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Water Gaseous Expanded 


solute solvent 


aA; Solution 


A molecular model of gas 


solubility 
Contents 
8.1 Type of Solutions 
8.2 Solubility 
8.3 Effect of Nature of 
Solute and Solvent 
8.4 Effect of Temperature 
on Solubility 
8.5 Effect of Pressure on 
Solubility of Gases 
8.6 Different Methods 
for Expressing 
Concentration of 
Solution 
8.7. Vapor Pressure of 
Solutions 
8.8 Enthalpy of Solution 
8.9 Ideal Solutions 
8.10 Non-Ideal Solutions 
8.11 Colligative Properties 
and Determination of 
Molar Mass 
8.12 Abnormal Molar 
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Masses and van't Hoff 
Factor 


Chapter 8 | Solutions 


Table 8.1 Common types of solutions 


Solute + solvent Solution Example 

Solid in solid Solid Alloys, gemstones etc. 
Solid in liquid Liquid Sugar in water 

Solid in gas Gaseous Camphor in nitrogen gas 
Liquid in solid Solid Mercury with sodium/silver 


Liquid in liquid Liquid Ethanol in water 


Liquid in gas Gaseous Water in air 

Gas in solid Solid Solution of hydrogen in 
palladium 

Gas in liquid Liquid _—_O, dissolved in water 

Gas in gas Gaseous Air 


A true solution is one in which the particles of dissolved solute are molecular or ionic in size, generally in the range of 
0.1 nm to 1 nm (10% cm to 10” cm). The properties of a true solution are as follows: 


1. A homogeneous mixture of two or more components (solute and solvent) and has a variable composition; that is, 
the ratio of solute to solvent can be varied. 

. The dissolved solute is molecular or ionic in size. 

. Itis either colored or colorless and is usually transparent. 


. The solute remains uniformly distributed throughout the solution and does not settle down with time. 


nn b&b Ww NY 


. The solute can generally be separated from the solvent by purely physical means (e.g., by evaporation). 


Solved Example [ey 


Which of the following not a true homogeneous solution: Solution 


H, in Pt, Smoke, Air and Salt in water? , : ' ‘ 
- = : . Smoke contains solid particles in gaseous solvent, and 


thus is not a true homogeneous solutions as the composi- 
tion is not uniform throughout. 


Solved Example | 8-2 | 


Give an example of a solution in which Solution 
(a) the solute is a solid and the solvent is a liquid. (a) Salt in water 
(b) the solute is a gas and the solvent is a gas. (b) O, in the air 


Solved Example [ea] 


Match the columns and select the correct order? Solution 
(A) Solid in gas (p) HginNa A > (q);B > (p); C > (s);D > (1) 
(B) Liquid in solid jah Foam nubber Hg is the liquid solute in solid solvent Na. 
Foam is the gas solute in solid solvent rubber. 
(C) Solid in solid (r) Camphor in N, gas Camphor is the solid solute in gaseous solvent N,. 
(D) Gas in solid (s) bronze Bronze is an alloy of copper and tin and hence a solid in 


solid solution. 
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8.2 | Solubility 


Solved Example | 8-4 | 


Saliva has some characteristics of a solution. Explain. Solution 


Saliva is a homogenous mixture of ionic compounds, pro- 
teins, and nucleic acids. 


8.2 | SOLUBILITY 


Usually, there is a limit to the amount of a solute that can dissolve in a given amount of solvent at a given temperature. 
When this limit is reached, we have a saturated solution and any excess solute that’s added simply sits at the bottom of 
the solution. The solubility of a solute is the amount required to give a saturated solution, usually expressed as grams 
dissolved in 100 g of solvent at a given temperature. The temperature must be specified because solubilities vary with 
temperature. 

The term solubility thus describes the amount of one substance (solute) that will dissolve in a specified amount of 
another substance (solvent) under stated conditions. For example, 36.0 g of sodium chloride will dissolve in 100 g of 
water at 20°C. We say then that the solubility of NaCl in water is 36.0 g/100 g H,O at 20°C. The solubility is generally 
expressed in terms of mass of solute dissolved in 100 mass units of the solvent. Solubility is often used in a relative way. 
For instance, we say that a substance is very soluble, moderately soluble, slightly soluble or insoluble. Although these 
terms do not accurately indicate how much solute will dissolve, they are frequently used to describe the solubility of 
a substance qualitatively. 

Two other terms often used to describe solubility are miscible and immiscible. Liquids that are capable of mixing 
and forming a homogeneous solution are miscible; those that do not form solutions or are generally insoluble in each 
other are immiscible. Methyl alcohol and water are miscible in each other in all proportions. Oil and water are immis- 
cible, forming two separate layers when they are mixed. 

The term solubility also means that the mass of solute forms a saturated solution with a given mass of solvent at 
a specified temperature. The units often are grams of solute per 100 g of solvent. It is mathematically expressed as 


Selb ty ee OMS ONBEE TGQ (8.1) 
Mass of solvent 


In a saturated solution, there is an equilibrium between the undissolved solute and the solute dissolved in the 
solution. 


Solute (undissolved) = Solute (dissolved) 


When these two opposing processes are occurring at the same rate, the amount of solute in solution is constant, and 
a condition of equilibrium is established between dissolved and undissolved solutes. Therefore, a saturated solution 
contains dissolved solute in equilibrium with undissolved solute. It is important to state the temperature of a saturated 
solution, because a solution that is saturated at one temperature may not be saturated at another. 

If the temperature of a saturated solution is changed, the equilibrium is disturbed, and the amount of dissolved 
solute will change to re-establish equilibrium. At any given temperature, a saturated solution contains the maximum 
amount of solute dissolved in a given amount of a solvent. A saturated solution can be conveniently prepared by dis- 
solving a little more than the saturated amount of solute at a temperature somewhat higher than room temperature. 
Then the amount of solute in solution will be in excess of its solubility at room temperature, and, when the solution 
cools, the excess solute will crystallize, leaving the solution saturated. 

An unsaturated solution contains less solute per unit of volume than does its corresponding saturated solution. 
In other words, additional solute can be dissolved in an unsaturated solution without altering any other conditions. 
In an unsaturated solution, more amount of solute needs to be added to make it saturated. If an unsaturated solution 
is cooled, some amount of solute separates from the solution, thereby making the solution saturated. Conversely, on 
heating a saturated solution, the equilibrium gets disturbed, and the undissolved solute gets dissolved, thereby making 
the solution unsaturated. 
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In some circumstances, solutions can be prepared that contain more solute than needed for a saturated solution 
at a particular temperature. These solutions are said to be supersaturated. However, we must qualify this definition 
by noting that a supersaturated solution is unstable. Disturbances, such as jarring, stirring, scratching the walls of the 
container, or dropping in a “seed” crystal, cause the supersaturation to return to saturation, releasing heat. When a 
supersaturated solution is disturbed, the excess solute crystallizes out rapidly, returning the solution to a saturated state. 
Supersaturated solutions are not easy to prepare but may be made from certain substances by dissolving, in warm sol- 
vent, an amount of solute greater than that needed for a saturated solution at room temperature. The warm solution 
is then allowed to cool very slowly. 


Factors Affecting Solubility 
The various factors affecting solubility are as follows: 


1. Particle size: A solid can dissolve only at the surface that is in contact with the solvent. Since surface-to-volume 
ratio increases as size decreases, smaller crystals dissolve faster than the larger ones. 


2. Nature of solute and solvent: This is governed by the rule “like dissolves like” in molecular and ionic solutions. For 
gases, the solubility depends upon the critical temperature specific to a gas. Higher the critical temperature more 
will be the solubility. 


3. Concentration of the solution: When the solute and 
solvent are first mixed, the rate of dissolving is at 
its maximum. As the concentration of the solution 
increases and the solution becomes more nearly satu- 
rated with the solute, the rate of dissolving decreases 
greatly. This rate is plotted in Fig. 8.1. 


30 


}<— Saturated solution — 


20 


4. Agitation or stirring: The effect of agitation or stir- 
ring is kinetic. When a solid is first put into water, 
it comes in contact only with solvent in its immedi- 
ate vicinity. As the solid dissolves, the amount of dis- 
solved solute around the solid becomes more and 0 5 10 15 20 25 
more concentrated, and the rate of dissolving slows 
down. If the mixture is not stirred, the dissolved sol- 
ute diffuses very slowly through the solution. Stirring Figure 8.1 Rate of dissolution of a solid solute in a 
distributes the dissolved solute rapidly through the — solvent. 
solution, and more solvent is brought into contact 
with the solid, causing it to dissolve more rapidly. 


10 


Grams solute per 100 g of solvent 


Time (minutes) 


5. Temperature: In most cases, the rate of dissolving of a solid increases with temperature. This increase is due to 
kinetic effects. The solvent molecules move more rapidly at higher temperatures and strike the solid surfaces 
more often, causing the rate of dissolution to increase. For gases, however, the solubility decreases with increase 
in temperature. 


6. Pressure: This is generally applicable to solubility of gases and is governed by Henry’s law. 


8.3 | EFFECT OF NATURE OF SOLUTE AND SOLVENT 


The drive to attain the most probable state favors the formation of any solution. What limits the ability of most sub- 
stances to mix completely, however, are intermolecular forces of attraction. Such attractions are negligible in gases, so 
regardless of the chemical makeup of the molecules, the forces are unable to prevent them from mixing. That is why 
all gases spontaneously form solutions with each other. In liquids and solids, however, the situation is much different 
because intermolecular attractions are so much stronger. 

For a liquid solution to form, there must be a balance among the attractive forces so the natural tendency of 
particles to intermingle can proceed. In other words, the attractive forces between molecules within the sol- 
vent and between molecules within the solute must be about as strong as attractions between solute and solvent 
molecules. 
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8.3 | Effect of Nature of Solute and Solvent 
A general rule termed as “Like dissolves like” was formulated, by which solubility of the two types of solutions 


were studied. The rule has long enabled chemists to use chemical composition and molecular structure to predict the 
likelihood of two substances dissolving in each other. 


1. Molecular solutions: When solute and solvent have molecules Hydrogen bond 
“like” each other in polarity, they tend to form a solution. When 
solute and solvent molecules are quite different in polarity, solu- 
tions of any appreciable concentration do not form. For exam- 
ple, water and benzene (C,H,) are insoluble in each other. In . - 
water, there are strong hydrogen bonds between the molecules; _ 
in benzene the molecules attract each other by relatively weak 

London forces and are not able to form hydrogen bonds. On 

the other hand, water and ethanol (C,H,OH) are miscible; they 

are soluble in all proportions. This is because water and ethanol 

molecules can form hydrogen bonds with each other that are 

nearly equivalent to those in the separate pure liquids (Fig. 8.2). Figure 8.2 Hydrogen bonds in aqueous 
2. Ionic solutions: The “like dissolves like” principle also applies to ethanol. 

the solubility of solids in liquid solvents. Polar solvents tend to 

dissolve polar and ionic compounds, whereas non-polar solvents tend to dissolve non-polar compounds. The solu- 

bility in case of ionic compound is explained in terms of dielectric constant of the solvent, hydration and lattice 

enthalpies. 

Figure 8.3 depicts a section of a crystal of NaCl in contact with oO 

water. The dipoles of water molecules orient themselves so that 

the negative ends of some point toward Na’* ions and the positive ne) G 

ends of others point at Cl ions. In other words, ion—dipole attrac- Ne 
tions occur that tend to tug and pull ions from the crystal. At the ee, Se 
corners and edges of the crystal, ions are held by fewer neighbors ® @ 
within the solid and so are more readily dislodged than those else- 5a 
where on the crystal’s surface. As water molecules dislodge these x2) 
ions, new corners and edges are exposed, and the crystal continues & 
to dissolve. Ds 
er 


: NatGd 
As they become free, the ions become completely surrounded by water oe ye) 
molecules (also shown in Fig. 8.3). The phenomenon is called the hydra- Portion Surface a" 
tion of ions. The general term for the surrounding of a solute particle by and edge of NaCl _. 
solvent molecules is solvation, so hydration is just a special case of sol- a ae a @ 
with _ water. I 
1 


vation. Ionic compounds are able to dissolve in water when the attrac- 
tions between water dipoles and ions overcome the attractions of the 
ions for each other within the crystal. 

Similar events explain why solids composed of polar molecules, like Figure 8.3 Hydration of ions. 
those of sugar, dissolve in water. Attractions between the solvent and 
solute dipoles help to dislodge molecules from the crystal and bring them into solution. 


Again we see that “like dissolves like”; a polar solute dissolves in a polar solvent. Sugar i CH,OH 
se ae such as the one right have polar OH groups that interact with water by hydro- is og cae a\ 
gen bonding. 
The same reasoning explains why non-polar solids like wax are soluble in non- HO~c——— (> 0H 
polar solvents such as benzene. Wax is a solid mixture of long chain hydrocarbons, held i ok 


together by London forces. The attractions between benzene molecules are also London 
forces, of comparable strength, so molecules of the wax can easily be dispersed among 
those of the solvent. 


Note: The solubility of gases in liquids depends upon the critical temperature specific to a particular gas. For exam- 
ple, carbon dioxide and ammonia have higher critical temperatures than hydrogen or helium, and hence are more 
soluble in water, that is, they are more liquefiable. 
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Solved Example | 8-5 | 


Formaldehyde (H,CO) dissolves in water without forma- Solution 


tion of ions. Write the Lewis structure of formaldehyde Oo 
and show what types of interactions between solute and 4 - *, 
solvent are involved. age 
C0, 
H ‘H 4H 
a 


There is hydrogen bonding between solute and solvent. 


Solved Example | 8-6 | 


Explain how ion-dipole forces help to bring potassium Solution 


chloride into solution in water. ’ : 
The dipole moments of water molecules can be oriented 


so as to stabilize both the dissolved cation and the dis- 
solved anion. 


Solved Example [eee] 


Explain why potassium chloride will not dissolve in car- Solution 


pon tetashlonee Oct There is no solvating force provided by carbon tetrachlo- 


ride that can overcome and offset the very strong ion—ion 
forces of the solid KCI sample. 


8.4 | EFFECT OF TEMPERATURE ON SOLUBILITY 


On changing the temperature of the mixture, the equilibrium gets disturbed and either more solute will dissolve or 
some will precipitate out. To analyze how temperature affects solubility we can use Le Chatelier’s principle. According 
to this principle, if a system at equilibrium is disturbed, the system will change in a direction that counteracts the distur- 
bance and causes the system to return to equilibrium. 


1. Solubility of solid in liquid: To increase the temperature of a solution, heat (energy) is added. When solute dis- 
solves in a solvent, heat is absorbed or evolved. Let us consider a common situation where energy is absorbed 
when additional solute is dissolved in an already saturated solution. 


Solute yndissoived + energy = Solute gccsivea 


Now, according to Le Chatelier’s principle, when we add heat energy to raise the temperature, the system responds 
by consuming some of the energy added. This causes the equilibrium to shift to the right. In other words, more 
solute dissolves and when equilibrium is re-established, there is more solute dissolved in the solution. Thus, when 
dissolving more solute in a saturated solution is endothermic, raising the temperature increases the solubility of the 
solute. This is a common situation for solids dissolving in liquid solvents. Figure 8.4 shows how much the solubility 
is affected by temperature varies for various substances. 


Note: Some solutes, such as lithium sulphate, Li,SO,, become /ess soluble with increasing temperature (Fig. 8.4). 
Energy must be released from a saturated solution of Li,SO, to make more solute dissolve. For its equilibrium 
equation, we must show “energy” on the right side because heat is released when more of the solute dissolves 
into a saturated solution. 


Solute ncissotved = Solute gissoivea an energy 
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8.4 | Effect of Temperature on Solubility 


2. Solubility of gas in liquid: The solubility of a gas 
in water usually decreases with increasing tem- 
perature. The tiny bubbles that form when water is 
heated are due to the decreased solubility of air at 
higher temperatures. The decreased solubility of 
gases at higher temperatures is explained by assum- 
ing that, in order to dissolve, the gas molecules must 
form bonds of some sort with the molecules of the 
liquid. An increase in temperature decreases the 
solubility of the gas because it increases the kinetic 
energy (speed) of the gas molecules, and thereby 
decreases their ability to bond with the liquid mol- 
ecules. (The “bond” between gaseous molecules and 
water/solvent molecules is very weak/poor. In fact, 
it is of the type of dispersion forces in most cases.) 
The decreased solubility at increased temperatures 
can also be explained on the basis of Le Chatelier’s 
principle. Since dissolution is an exothermic pro- 
cess, increase in temperature leads to lowering of 
dissolution. 


Table 8.2 gives data for the solubilities of several common gases in water at different temperatures, but all at one 
atmospheric pressure. In water, gases are usually more soluble at colder temperatures. But the solubility of gases, like 
other solubilities, can increase or decrease with temperature, depending on the nature of a gas and the nature of a sol- 
vent. For example, the solubilities of H,, N,, CO, He and Ne actually rise with rising temperature in common organic 
solvents like carbon tetrachloride, toluene and acetone. 


Table 8.2 Solubilities of common gases in water’ 


Temperature 
Gas o°c 20°C 50°C 100°C 
Nitrogen, N, 0.0029 0.0019 0.0012 0 
Oxygen, O, 0.0069 0.0043 0.0027 0 
Carbon dioxide, CO, 0.335 0.169 0.076 0 
Sulphur dioxide, SO, 22.8 10.6 43 1.8° 
Ammonia, NH, 89.9 51.8 28.4 74 


“ Solubilities are n grams of solute per 100 g of water when the gaseous space over the liquid is saturated with the gas and the total pressure is 1 atm. 
* Solubility at 90°C. 
“ Solubility at 96°C. 


The gases sulphur dioxide, ammonia, and, to a lesser extent, carbon dioxide are far more soluble in water than are oxygen 
or nitrogen (see Table 8.2). This is partly because SO,, NH, and CO, molecules have polar bonds and sites of partial charge 
that attract water molecules, forming hydrogen bonds to help hold the gases in solution. Ammonia molecules, in addi- 
tion, not only can accept hydrogen bonds from water (O—H---N) but also can donate them through their N—H bonds 
(N—H---O). 

The more soluble gases also react with water to some extent as the following chemical equilibria show. 


CO,(aq)+H,O = H,CO,(aq) = H" (aq) + HCO; (aq) 
SO, (aq)+H,O = H*(aq)+ HSO; (aq) 
NH,(aq)+H,O = NHj(aq)+OH (aq) 
The forward reactions contribute to the higher concentrations of the gases in solution, as compared to gases such as 


O, and N, that do not react with water at all. Gaseous sulphur trioxide is very soluble in water because it reacts quan- 
titatively (i.e., completely) with water to form sulphuric acid. 
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Solved Example | 8-8 | 


Referring to Fig. 8.4, determine whether each of the fol- Solution 
lowing solutions is saturated, unsaturated, or supersatu- 
rated. (All are in 100 g of H,O.) 

(a) 40 gof KNO,at 40°C (b) 40gofKNO,at20°C — (©): Saturated (d) Unsaturated 


(c) 75 gofNH,Cl at 80°C (d) 20g of NaCl at 40°C 


Solved Example | 8-9 | 


A 500 mL portion of water is saturated with Li,SO, 35g 28 g 
at O°C. What happens if the solution is heated to 100°C? 500 g H,Ox 100 HO 3 H,O —| 500 g H,Ox 100 eELO HO = 
(Refer to Fig. 8.4) 


(a) Unsaturated (b) Supersaturated 


175-140 = 35 g LiSO, (precipitate) 
Solution 


A specific amount of Li,SO, will precipitate unless the 
solution becomes supersaturated. 


Solved Example | 8-10 


A mixture is composed of 10 g of KNO, and 50 g of KCl. Solution 
What is the approximate amount of KCI that can be sepa- 


rated using the difference in solubility shown in Fig. 8.4. PD eolvetemtstine athe OL net Ore 


45°C. Cool to 0°C where the solution is saturated with 
about 10 g of KNO, and about 25 g of KCI. 50-25 =25 g 
of KCI precipitates. 


8.5 | EFFECT OF PRESSURE ON SOLUBILITY OF GASES 


Small changes in pressure have a marked effect on the solubility of gases in liquids. The solubility of a gas in a liquid 
is directly proportional to the pressure of that gas above the solution. Thus, the amount of a gas dissolved in solution 
will double if the pressure of that gas over the solution is doubled. For example, carbonated beverages contain dis- 
solved carbon dioxide under pressures greater than atmospheric pressure. When a can of carbonated soda is opened, 
the pressure is immediately reduced to the atmospheric pressure, and the excess dissolved carbon dioxide bubbles out 
of the solution. To understand the increase in solubility of gas with increase in pressure at the molecular level, imagine 
the following equilibrium established in a closed container fitted with a movable piston [Fig. 8.5(a)]. 


Gas + Solvent = Solution 


If the piston is pushed down [Fig. 8.5(b)], the gas is compressed and its pressure increases. This causes the concentra- 
tion of the gas molecules over the solution to increase, so the rate at which the gas dissolves is now greater than the 
rate at which it leaves the solution. Eventually, equilibrium is re-established when the concentration of the gas in the 
solution has increased enough to make the rate of escape equal to the rate at which the gas dissolves [Fig. 8.5(c)]. At 
this point, the concentration of gas in the solution is larger than before. More gas has dissolved and equilibrium is 
restored. 


Figure 8.5 How pressurgiingreeses)the) solubility: of e.gasiin@diquidiwith increase in pressure. 
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8.5 | Effect of Pressure on Solubility of Gases 


The effect of pressure on the solubility of a gas can also be explained by Le Chatelier’s principle. In this case, the dis- 
turbance is an increase in the pressure of the gas above the solution. How could the system counteract the pressure 
increase? The answer is, by having more gas dissolved in the solution. In this way, the pressure of the gas is reduced and 
the concentration of the gas in the solution is increased. In other words, increasing the pressure of the gas will cause 
the gas to become more soluble. 


Henry’s Law Relates Gas Solubility to Pressure 


Figure 8.6 shows how the solubility of oxygen and nitrogen in water vary with pressure. 
The straight lines on the graph indicate that the concentration of the gas is directly pro- 
portional to its pressure above the solution. This is expressed quantitatively by Henry’s 
law (also called the Pressure-Solubility law) which states that the concentration of a gas 
dissolved in a given volume in a liquid at any given temperature is directly proportional to 
the partial pressure of the gas over the solution. 


Mathematical Derivation of Henry's Law mieseure (aim) 
According to Henry’s law the mass of gas (W,,,,) dissolved in a solvent of mass (W,,,.n:) Figure 8.6 Solubility in 
at equilibrium pressure of gas = p, is given by water vs. pressure for two 
= gases. 

W ss Kp 

Dividing both sides by Wy yon. We get 
Was _ Kp 
W civent W scstivcas 

K 
Let W = K, =constant 
Then solvent 

W,5/M,, M 
iat o( Mast po ky 
solvent solvent gas 
M soseice Hy 
where K, = K, =constant, M,,. = molecular weight of gas and M,,,,.,, = molecular weight of the solvent. 
gas 
Therefore, 
=K,p (8.2) 
solvent 
n as 
Now Xyas = 8 
Ngas + Neoivent 
where x,,, is the mole fraction of the gas. 
Now if the solution is very dilute, then 1,,, < Niven Therefore 
Nogas 
Xoas = n (8.3) 


Substituting Eq. (8.3) in Eq.(8.2), we get 


where K,, is Henry’s law constant. 
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Around the time Henry stated this law, Dalton, in an independent study, found that solubility of a gas in a solution 
is directly proportional to the partial pressure of the gas. If mole fraction is used as a measure of the amount of gas 
dissolved in the solution (solubility), then Dalton’s observations can be stated as mole fraction of a gas in the solution 
is proportional to the partial pressure of the gas over the solution. Henry’s law can also be expressed in terms of mole 
fraction as “the partial pressure of the gas in vapor phase is proportional to the mole 
fraction of the gas in the solution” Mathematically, it can be expressed as 


P= Iasi (8.4) 
Henry’s law 


where p is the partial pressure, x is the mole fraction and K,, is the Henry’s law con- 
stant. The units of K,, depend on the units used for concentration and pressure. A 
plot of partial pressure vs. the mole fraction of any component B in a solution A is a 
straight line and the slope is equal to K,, (Fig. 8.7). 

Henry’s law constant K,, is different for every gas, temperature and solvent 
(Table 8.3). For a given gas, it is different at different temperatures; and at a given ) 
temperature, it is different for different gases. At a given pressure, higher the value 
of K,, for the gas, lower will be its solubility in the solution. The value of K,, generally Figure 8.7 Plot of partial 
increases with increase in temperature and hence the solubility of gas decreases with pressure of any component 
increase in temperature. B in a solution A vs. its mole 

fraction. 


Pressure of B 


Mole fraction of B 


Table 8.3 K,, values for various substances 


Substance K,(mol L™ atm") Substance K, (mol L™ atm") 
Oxygen O, 13x10" Helium 3.7 x 10" 
Hydrogen H, Tata OMe Neon 4.5x 107 
Ammonia NH, 5.9 x 10' Argon 14x 10° 
Nitrogen N, 6.5 x 107 Carbon dioxide 3.4.x 107 
Hydrogen chloride HCl 1.9 x 10° Methane 9.2 x 10° 
Molecular Cl, 9.1.x 10° Formaldehyde 6.0 x 10° 
HCHO 
Molecular bromine Br, 79 x 10" Vinyl chloride 1.8 x 107 
CH,CHCI 


Applications of Henry’s Law 


Henry’s law can explain many biological phenomena and finds many applications in industry. Some of these are dis- 
cussed as follows: 


1. The aquatic life survives better in cold water rather than in warm water. This is because the solubility of dissolved 
oxygen in water bodies is more at lower temperatures, which supports aquatic life better. 

2. Oxygen cylinders are an essential part of mountaineers’ kit and equipment. This is because at high altitudes the 
partial pressure of oxygen in air is less than at the ground level. This causes oxygen levels to drop in blood and 
tissues. The climbers feel weak and sometimes disoriented (a condition known as anoxia). To prevent this, moun- 
taineers supplement the oxygen supply from the oxygen cylinder. 

3. The air tanks also form an essential part of scuba divers’ equipment. However, these tanks are filled with air 
diluted with helium, that is, helium (11.7%), nitrogen (56.2%) and oxygen (32.1%). This is so because, as they dive 
deeper into water, the level of dissolved gases is high due to high pressure. At higher pressure, the diver’s body 
will absorb more gases. At great depths, the amount of nitrogen (and other gases) absorbed into the blood and 
tissue is greater than the amount absorbed at shallow depths. Oxygen is used up by cellular processes, but nitrogen 
is inert and just collects in the tissues. When the diver begins to ascend and the pressure under his body reduces, 
this makes the nitrogen less soluble in the tissues. If the diver comes up too fast (releases the pressure too fast), 
nitrogen comes out in the form of bubbles. This condition is known as decompression sickness, also called the 
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“bends” So, to avoid decompression sickness and toxic effects of high concentration of nitrogen in blood, a diver 


must use air tank filled with diluted air. 


4. Carbonated drink bottles and cans are sealed under high pressure to increase the solubility of carbon dioxide. 
Before the bottle is opened, the gas above the drink is almost pure carbon dioxide at a pressure slightly higher 
than atmospheric pressure. When the bottle is opened, the pressure is lowered and solubility of gas in solution is 
also lowered; as a result some of this gas escapes with a hiss and some of the dissolved carbon dioxide also comes 
out of solution as bubbles. If the drink is left in the open, the concentration of carbon dioxide in solution slowly 
decreases till it is in equilibrium with the carbon dioxide in air and the drink becomes flat. 


Solved Example [Esa 


At 20°C the solubility of N, in water is 0.0150 g L' when 
the partial pressure of nitrogen is 580 torr. What will be 
the solubility of N, in water at 20°C when its partial pres- 
sure is 800 torr? Calculate your answer to three signifi- 
cant figures. 


Solution 


This problem deals with the effect of gas pressure on gas 
solubility, so Henry’s law applies. We use this law in its form 
given by Equation C,/p, = C,/p, because it lets us avoid hav- 
ing to know or calculate the Henry’s law constant. Let us 


gather the data first. C,=0.0150gL',C,=?, p,=580mm Hg, 
P, = 800 mm Hg. Using Equation C,/p, = C,/p,, we have 


0.0150gL' ss C, 
580mmHg 800mmHg 


Solving for C,, we get 
C, = 0.0207 g L" 


The solubility under the higher pressure is 0.0207 g L™. 


Solved Example 8-12 | 


Henry’s law constant for the molality of methane in ben- 
zene at 298 K is 4.27 x 10° mm Hg. Determine the solubil- 
ity of methane in benzene at 298 K under 760 mm Hg. 


Solution 


Given that K,,=4.27 x 10° mm Hg. Now from Henry’s law, 
we have p= K,, xx where x is the mole fraction. Hence. 


~P 700 agy39 


K, 4.27x10° 


Solved Example ES 3 


Two unopened bottles of carbonated water are at the 
same temperature. If one is opened at the top of a moun- 
tain and the other at sea level, which will produce more 
bubbles? Explain. 


Solution 


The bottle opened at the top of the mountain will pro- 
duce more bubbles. The solubility of a gas in a liquid 
decreases and, because the atmospheric pressure is lower 
at the top of the mountain, more gas will bubble out of 
solution. 


8.6 | DIFFERENT METHODS FOR EXPRESSING CONCENTRATION OF 


SOLUTION 


The concentration of a solution expresses the amount of solute dissolved in a given quantity of a solvent. Since reac- 
tions are often conducted in solution, it is important to understand the methods of expressing concentration and to 
know how to prepare solutions of particular concentrations. The concentration of a solution may be expressed quali- 
tatively or quantitatively. 
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Qualitatively, concentration can be expressed as dilute or concentrated. When we say that a solution is dilute 
or concentrated, we are expressing, in a relative way, the amount of solute present. The term dilute solution, then, 
describes a solution that contains a relatively small amount of dissolved solute. Conversely, a concentrated solution 
contains a relatively large amount of dissolved solute. 

Quantitatively, concentration may be expressed in any of the following ways: 


1. Mass percentage (w/w): This method expresses the concentration of the solution as the percent of solute in a 
given mass of solution. It says that for a given mass of solution, a certain percent of that mass is solute. Suppose 
we take a bottle from the reagent shelf that reads “10% sodium hydroxide, NaOH”. This statement means that 
for every 100 g of this solution, 10 g will be NaOH and 90 g will be water. (Note that this mass of the solution is 
100 g, not 100 mL.) We could also make the same concentration of solution by dissolving 2.0 g of NaOH in 18 g 
of water. Mass percent concentrations are most generally used for solids dissolved in liquids: 


Mass percent = gSolue jee solute 


8.5 
g solute + g solvent g solution >) 


Note: Note that mass percent is independent of the formula for the solute. 


2. Volume percentage (V/V): Solutions that are formulated from two liquids are often expressed as volume percent 
with respect to the solute. The volume percent is the volume of a liquid in 100 mL of solution. The label on a bottle 
of ordinary rubbing alcohol reads “isopropyl alcohol, 70% by volume”. Such a solution could be made by mixing 
70 mL of alcohol with water to make a total volume of 100 mL, but we cannot use 30 mL of water, because the 
two volumes are not necessarily additive: 


Volume of liquid in question 


Volume percent = x 100 (8.6) 


Total volume of solution 


3. Mass by volume percentage (m/V): This method expresses concentration as grams of solute per 100 mL of solu- 
tion. With this system, a 10.0% m/V glucose solution is made by dissolving 10.0 g of glucose in water, diluting to 
100 mL, and mixing. The 10.0% m/V solution could also be made by diluting 20.0 g to 200 mL, 50.0 g to 500 mL 
and so on. Of course, any other appropriate dilution ratio may be used: 


g solute 


Mass by volume percent = (8.7) 


mL solution 


4. Parts per million/billion: Percent by mass is equivalent to parts per hundred. When concentrations are very low, how- 
ever, two closely related units become more convenient. These units are parts per million (ppm) and parts per billion 
(ppb). For example, the concentration of carbon dioxide in the atmosphere is currently 0.0380%. It is more conveni- 
ently represented as 380 ppm. Dioxin, a synthetic chemical linked to cancer, is measured in the soil in units of ppb. 

Parts per million is obtained by multiplying the ratio of the mass of solute to mass of solution by 10° ppm 
rather than 100%. Parts per billion is obtained by multiplying the same ratio by 10° ppb. For example, if a solution 
has a mass of 1 kg and contains only 3 mg of a solute, it has the following concentration in percent by mass, ppm 
and ppb. 


3.0 x 10~ g(solute) 
1.0x 10° (solution) 
3.0x10%¢ 
1.0x10°¢ 
3.0x102¢ 
1.0x10°g 


x 100% = 3.0x10“*% 
x 10° ppm = 3.0 ppm 
x10’ ppb = 3.0 x 10° ppb 
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In this case, the most convenient expression of concentration is in units of ppm. (Caution: In the examples cited, 
the units, ppm and ppb, refer to the mass of the solution.) In the case of the concentration of CO, in the atmos- 
phere, ppm refers to 1 million particles (molecules of compounds or atoms of noble gases) in the atmosphere. 
Thus, there are currently 380 CO, molecules per million molecules present in the atmosphere. 


5. Mole fraction: The mole fraction x, of a substance A is given by 


n 
ee * (8.8) 
Ny + Ng tN tly to +Ny 


where 71,, Mp, Nc, ..., Nz are the numbers of moles of each component, A, B, C, ..., Z, respectively. The sum of all 
mole fractions for a mixture must always be equal to 1. The mole percent is obtained by multiplying the mole frac- 
tion by 100%. 


6. Molarity: We need a method of expressing concentration that will easily indicate how many moles of solute are 
present per unit volume of solution. For this purpose, the concentration known as molarity is used in calculations 
involving chemical reactions. 

A 1 molar solution contains 1 mol of solute per liter of solution. For example, to make a 1 molar solution 
of sodium hydroxide (NaOH) we dissolve 40 g NaOH (1 mol) in water and dilute the solution with more water 
to a volume of 1 L. The solution contains 1 mol of the solute in 1 L of solution and is said to be 1 molar in 
concentration. 

The concentration of a solution can, of course, be varied by using more or less solute or solvent; but in any 
case the molarity of a solution is the number of moles of solute per liter of solution. The abbreviation for molarity 
is M. The units of molarity are moles per liter (or mol L"). 


Number of moles of solute _ Mole 


Molarity = M = (8.9) 


Liter of solution ~ Liter 


7. Molality: The molality (m) of a solution is the number of moles of solute per kilogram of solvent: 


Moles of solute 


=— (8.10) 
Kilograms of solvent 


Note that a lower case m is used for molality concentrations and a capital M for molarity. 


8. Formality (F): The number of gram formula weight of the substance dissolved per liter of the solution: 


Concentration of solute per liter of solution 


Formality = (8.11) 


Formula weight 


Formality is generally used to express concentration of ionic compounds. 


9. Normality (N): The number of gram-equivalent weight of the substance dissolved per liter of solution 


Concentration of solute per liter of solution 


Normality = (8.12) 


Equivalent weight of solute 
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Note: It is important not to confuse molarity with molality. 


Molin’ mol of solute Molarity = M = mol of salute 
kg of solvent L of solution 
The molarity of a solution changes slightly with temperature, but molality does not. Therefore, molality is more 
convenient in experiments involving temperature changes. 

When water is the solvent, solution’s molarity approaches to its molality as the solution becomes more 
dilute. In very dilute solutions, 1 L of solution is nearly 1 L of water, which has a mass close to 1 kg. Under these 
conditions, the ratio of moles per liter (molarity) is nearly the same as the ratio of moles per kilogram (molal- 
ity). This only applies when the solvent is water. 


For studying physical properties, however, molarity is not preferred because the molarity of a solution varies 
slightly with temperature. Most liquids expand slightly when heated, so a given solution will have a larger vol- 
ume, and therefore a lower ratio of moles to volume, as its temperature is raised. For this reason, temperature- 
insensitive concentration units are used. The most common are percentage by mass, molality, and mole fraction 
(or mole percent). 


Solved Example 8-14 | 


Seawater is typically 3.5% sea salt and has a density of Therefore, 1.03 g solution contains 1.00 mL solution 
about 1.03 g mL'. How many grams of sea salt would Therefore, 62.5 L solution has 
be needed to prepare enough seawater solution to com- 1000 mL soln. 1.03 g soln 
pletely fill a 62.5 L aquarium? 62.5 L soln x {1 sale x (OO Soli 
Solution 3.5 g sea salt 

100 g soln 
Given that 3.5 g sea salt contains 100 g of solution =2.210° g sea salt 


Solved Example 8-15 | 


What volume of water at 20°C (density = 0.9982 g cm”) is iHok solution. 45.0 g sucrose 
needed to dissolve 45.0 g of sucrose to make a 10% (w/w) a x g solution 
solution? 


= x = 450 g solution 


: Now, g water = 450 g solution — 45.0 g sucrose = 405 g water 
Solution So, mL water = 


A 10% (w/w) solution of sucrose will need 10 g of sucrose 
for each 100 g of solution. For a solution with 45.0 g of 
sucrose: 


Solved Example | 8-16 | 


How many grams of NaBr are needed to prepare 250 gof Solution 
1.00% (w/w) NaBr solution in water? How many grams 
of water are needed? How many milliliters are needed, 
given that the density of water at room temperature is 
0.988 g mL? 


1cm? 


405 ter) x} ——_—__ 
ey (sa 


= 405.7 mL water 


The total mass of the solution is to be 250 g. If the solu- 
tion is to be 1.00% (w/w) NaBr, then the mass of NaBr 
will be: 250 g x 1.00 g NaBr/100 g solution = 2.50 g NaBr. 
We therefore need 2.50 g of NaBr and (250 — 2.50) = 
248 g H,O. The volume of water that is needed is: 248 g x 
0.988 g mL“ = 251 mL H,O. 
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Solved Example 8-17 | 


Hydrochloric acid can be purchased from chemical sup- 
ply houses as a solution that is 37% (w/w) HCl. What 
mass of this solution contains 75 g of HCl? 


Solution 


An HCI solution that is 37% (w/w) has 37 g of HCl for 
every 1.0 x 10° g of solution. 


2, . 
g solution = (7.5 g HCl) (+2 x 10° g sauton) 


37 2 HCl 
x 2.0 x 10' g solution 


Solved Example | 8-18 | 


An experiment calls for a 0.150 molal solution of sodium 
chloride in water. How many grams of NaCl would have 
to be dissolved in 500.0 g of water to prepare a solution 
of this molality? 


Solution 


The concentration 0.150 molal means that the solu- 
tion must contain 0.150 mol of NaCl for every 1.000 kg 
(1000 g) of water. So, we can write 

0.150 mol of NaCl is dissolved in 1000 g H,O 


To calculate the number of moles of NaCl needed for 
500.0 g of H,O, we use this relationship as a conversion 
factor. We can then use the molar mass of NaCl to con- 
vert moles of NaCl into grams of NaCl. 


0.15 INaCl_ 58.44 g NaCl 
Ugo ee 
1000 g H,O 1 mol NaCl 
= 4.38 g NaCl 


When 4.38 g of NaCl is dissolved in 500 g of H,O, the 
concentration is 0.150 molal NaCl. 


Solved Example 8-19 | 


If you prepare a solution by dissolving 44.00 g of Na,SO, 
in 250.0 g of water, what is the molality of the solution? Is 
the molarity of this solution numerically larger or smaller 
than its molality? 


Solution 


We need to know the number of moles of Na,SO, and the 
number of kg of water. 


44.00 g Na,SO, + 142.0 g mol! = 0.3099 mol NaOH 
250 g H,O x 1 kg/1000 g = 0.250 kg H,O 

The molality is thus given by: 

m= 0.3099 mol/0.25 kg = 1.239 mol 

NaOH/kg H,O = 1.239 molal 


Solved Example | 8-20) 


Calculate the number of grams of methanol (CH,OH) 
needed to prepare a 0.250 molal solution, using 2.000 kg 
of water. 


Solution 


The number of grams of methanol (CH,OH) needed 


= (2000 g H,O) 


0.250 mol CH,OH )/ 32.0 g CH,OH 
1000 g H,O 1 mol CH,OH 


= 16.0 g CH,OH 
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Solved Example 8-21 | 


What mass of a 0.853 molal solution of Fe(NO,), is (a) Now, g solution = (0.0200 mol Fe(NO,),) x 
needed to obtain (a) 0.0200 mol of Fe(NO,),, (b) 0.0500 
mol of Fe* ions, and (c) 0.00300 mol of nitrate ions? 


1 g solvent 


: = 28.3 g solution 
7.07 x10™ mol Fe(NO,), 


Solution 


First we need to find the number of grams of Fe(NO,), for 
each kg of solvent. (b) g solution = (0.0500 mol Fe**) ( 


0.853 g Fe(NO,), = 0.853 mol Fe(NO,), x 
Ges g Fe(NO,), 


1 mol Fe(NO;); | 
1 mol Fe** 


1 g solvent 


= = 70.7 g solution 
7.07 x10™ mol Fe(NO,); 


= 206.3 g Fe(NO 
een oed BFe(NO,): 


Then we need to find how the ratio of the moles of 
Fe(NO,), to the mass of the solution: 


(c) gsolution = (0.00300 mol NO;) ead x 


0.853 mol Fe(NO,), 3 mol NO; 


1000 g H,O+ 206.3 g Fe(NO,), 1 g solvent 
= 7.072 x10“ mol Fe(NO,), per g solution 7.07x10™ mol Fe(NO,), 


Ratio = 


) = 1.41 g solution 


Solved Example | 8-22 | 


What will be the mole fraction of KI, if the density of 20% Now, 20% (w/w) KI means 


(mass/mass) aqueous KI is 1.202 g mL"? 


Mass of KI = 120220 = 240.4 g 
100 


Solution 
Density of solution = mass/volume. Let the volume of 740.4 


solution is 1000 mL. Then Therefore, mole fraction = —16- > 0.0263 
Mass of solution = Density x Volume 740.4 961.6 


= 1.202 x 1000 = 1202 g 166 : 18 


Conversions Among Concentration Units 


There are times when we need to relate concentrations expressed in different units. Molality is a convenient method 
to express the concentration because it involves the mass of liquids rather than their volumes. It is also independent of 
the variation in temperature. The following expressions show the relation between several units. 


1. Relation between molality and molarity: 
Molality (7) is defined as the number of moles of the solute per kilogram (kg) of the solvent and is expressed as 


Molslity Gi) Moles of solute (8.13) 
d Mass of solvent in kg 


https://telegram.me/unacademyplusdiscounts 


Telegram @unacademyplusdiscounts 


8.6 | Different Methods for Expressing Concentration of Solution 
Molarity (M) is defined as number of moles of solute dissolved in 1 L of solution 


Molarity(M) = Molssoisolute™ (8.14) 
Volume of solution in liter 


The density of a solution is defined as ratio of mass and volume. Mathematically it is written as 


: Mass 
Density (p) = Voliine: (8.15) 


Solving Eqs. (8.13)-(8.15), we get the relation between molarity and molality as 


p 1M 


solute 


Mm _ 1000 


where M..,. is the molecular mass of the solute. 


solute 
2. Relation between mole fraction and molality: 


Na Ng 


and x, = 


xv, = 
Ny +Npg ny +Ng 


X, My, _ Moles ofsolute _w, xM, 


X, Mg, Moles ofsolvent wy xM, 


%4 1000 _ Wa k1000 x, x 1000 ae (8.16) 
X,XM, w,pxM, (=x, )™, 
3. Relation between molality and solubility: 
Woelhe = Solubility x 10 (8.17) 


Molecular mass of the solute 


Mass of solute in gram 


Solubility = x 100 


Mass of solvent in gram 


4. Relation between molarity and mole fraction: Let M be the molarity of solution, and x, and x, be mole fractions 
of solvent and solute, respectively. When n, and n, moles of solvent and solute are mixed to form a solution, 
then mass of solution is n,M, +n 3M, where M, and M, are molar masses of solvent and solute, respectively. 
Then, 


Mass — (n,aM, +n,M,) 
Density Pp 


Volume of solution = 


Now 
1000 
Volume of solution 


Molarity = Number of moles of solute x 


4 ————— SS SS 
(n,M, + ngM,) 
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Dividing both numerator and denominator by (”, +,), we get 


ma- 22% 1000 x p (8.18) 
SE Ms ae Sex Mle 


5. Relationship between molality and mole fraction: Let m be the molality of solution, and x, and x, be mole frac- 
tions of solvent and solute, respectively. When n, and n, moles of solvent and solute are mixed to form a solution, 
then mass of solution is n,M, +n,M, where M, and M, are molar masses of solvent and solute, respectively. 
Then, 


Molality = Number of moles of solute 1000 => m= —®—x 1000 
Mass of solvent n,M, 
Dividing both numerator and denominator by (n, +n,), we get 
XB 
m=—— x 1000 (8.19) 
X,M, 


6. Relationship between normality and molarity: We know that, 
Strength of the solution (g L') = Molarity x Molecular mass 
Also, 
Strength of the solution (g L') = Normality x Equivalent mass 
Equating both relations, we get 


Molarity x Molecular mass = Normality x Equivalent mass 


Normality — Molecular mass _ 


Molarity Equivalent mass 
Therefore, Normality =n x Molarity (8.20) 


7. Relationship between mass percent and molality: Let m be the molality of solution, x be the mass percent of sol- 
ute and M, be the molecular weight of solute. Then, 


Number of moles of solute = x/M, mol 
Mass of solvent = (100 — x) g 


Number of moles of solute 


Molality = x 1000 > m= we x 1000 (8.21) 


Mass of solvent —x 


8. Relationship between mass percent and molarity: Let m be the molality of solution, x be the mass percent of solute 
and M, be the molecular weight of solute. Then, 


Number of moles of solute = x/M, 
Volume of solution = Mass/Density = 100/p 


Molane Number of moles a solute rye x/M, 1000 (8.22) 
Volume of solution 100/p 
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Solved Example | 8-23 | 


What is the molality of 10.0% (w/w) aqueous NaCl? Given that 10 g of NaCl dissolves in 100 g of solution. So, 
mass of solute, that is, water = 100-10 =90 g 

Solution Thus, molality can be calculated as 

We know that 58.44 g of NaCl is present in 1 mol of NaCl. n= 10/58.44 x 1000 = 1.90 molal 


So, 10 g of NaCl is present in 10/58.44 mol of NaCl. 


Solved Example | 8-24 | 


A bottle on the shelf reads 50% sodium hydroxide solu- 50 g of NaOH. To calculate the molality of the solution, we 


tion. What is the molality of this solution? need to find the moles of NaOH for each kilogram of water. 
Solution oe (2 g nor 1 mol NaOH ) Ge g 0) 

If a solution is 50% NaOH, then it has 50 g of NaOH for ey ee ee OOH, Seo 

each 100 g of solution. The mass of water is 50 g of water for =25 mol NaOH/kg H,O = 25 molal NaOH 


Solved Example | 8-25 | 


A certain sample of concentrated hydrochloric acid is For molality, we need to know the number of moles 
370% HCl. Calculate the molality of this solution. of HCl and the mass in kg of the solvent: 


370 g HCI + 36.46 g mol! = 1.01 mol HCI 


aaniaan 63.0 g H,O x 1 kg/1000 g = 0.0630 kg H,O 
If asolution is 370% (w/w) HCl, then 370% of the mass of Pherehane 

any sample of such a solution is HCI and (100.0 - 370) = ° 

63.0% of the mass is water. In order to determine the Molality = mol HCl = 1.01 mol = 16.1 molal 
molality of the solution, we can conveniently choose kgH,O 0.0630 kg 


100.0 g of the solution as a starting point. Then 370 g of 
this solution are HCl and 63.0 g are H,O. 


Solved Example | 8-26 | 


A certain supply of concentrated hydrochloric acid has a Given that 36 g of NaCl dissolves in 100 g of solution. 

concentration of 36.0% HCl. The density of the solution and density = 1.19 g mL” 

is 1.19 g mL”. Calculate the molar concentration of HCl. Now, volume of solution = mass/density = 100/1.19 
Thus, molarity can be calculated as 

eee = 36/369 1000 = 11.7 M 

We know that 36.5 g of HCl is present in 1 mol of HCl. 100/1.19 


So, 36 g of HCl is present in 36/36.5 mol of HCl. 


Note: The above two examples illustrated that when the concentration of an aqueous solution is very low, one gram 
per liter for example, the molality and the molarity are very close to the same numerical value. As a result we can 
conveniently interchange molality and molarity when aqueous solutions are very dilute. 
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Solved Example | 8-27 | 


Hydrobromic acid can be purchased as 40.0% HBr. The 
density of this solution is 1.38 g mL. What is the molar 
concentration of HBr in this solution? 


Solution 


We first determine the mass of one L (1000 mL) of this 
solution, using the density: 


1000 mL x 1.38 g mL = 1.38 x 10° g 


Next, we use the fact that 40.0% of this total mass is 
due to HBr, and calculate the mass of HBr in the 1000 mL 
of solution: 


0.400 x (1.38 x 10°) = 552 g HBr 


This is converted to the number of moles of HBr in 552 g 
as 552 g HBr + 80.91 g mol ' = 6.82 mol HBr 

Last, the molarity is the number of moles of HBr per liter 
of solution = 6.82 mol/1 L = 6.82 M 


Solved Example | 8-28 | 


One gram of Al(NO,), is dissolved in 1.00 L of water 
at 20°C. The density of water at this temperature is 
0.9982 g cm™ and the density of the resulting solution is 
0.9989 g cm”. Calculate the molarity and molality of this 
solution. (Hint: remember that density can be used to 
convert mass to volume.) 


Solution 


First determine the number of moles of Al(NO,), dis- 
solved in the liter of water. 


mol Al(NO,); = (1.00 zAKNO.)9/ 1 mol Al(NO5), ) 


212.996 g Al(NO,), 
= 0.00469 mol Al(NO,), 
Next find the mass of the water: 


1000 mL H,O )/ 0.9982 g H,O 
1LH,O 1mLH,O 


g H,O =(1.00 L H,O) 


=998.2 g H,O 


To find the molarity of the solution, first we need to find 
the mass of the solution, and then the volume of the 
solution: 
g solution = 998.2 g H,O + 1.00 g Al(NO,), 
= 999.2 g solution 


L solution = (999.2 solution) x 

1 mL solution 1 Lsolution 
( 0.9989 g solution ) 1000 mL solution 
0.00469 mol Al(NO,), 

1.0003 L solution 

= 0.00469 M Al(NO,), 
The molality of the solution can also be determined 
0.00469 mol Al(NO,), 
0.9982 kg H,O 

= 0.00470 molal Al(NO,), 


) = 1.0003 L 


M of solution = 


m of solution = 


Solved Example | 8-29) 


The density of 1.45 molal solution of acetic acid is 
1.012 gcm”. Calculate its molarity. 


Solution 
Molarity and molaity are related as M = a 
So, we have +mM, 


mp (1.450 mol kg)(1.012 gcem~) 
1+mM, 1+(1.450molkg')(60g mol") 
(1.45 mol kg ')[1.012(10 *kg)(10'dm)*] 
1+(1.45molkg)[60(10°kg)mol™] 
7 1.450 x 1.012 
~ 14+1.450x60x 10% 
= 1.35moldm~* 


moldm= 


Solved Example | 8-30 


The mole fraction of methanol in aqueous solution is 
0.02. Calculate the molality of the solution. 


Solution 


Let the number moles of methanol = 1, and its molar 
mass be M,,. 
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The number moles of the water be n, and its molarmass Dividing numerator and denominator by 1, + Ng, we get 
is 18. Then the mass of water = 18,. Hence, molality becomes 


v= 285 190) a 02021000 
, x,M, (10.02) x18 
m= —"=_» 1000 
nM, 7 ares = 1.134 molal 
A x 


8.7 | VAPOR PRESSURE OF SOLUTIONS 


All solutions in which the solvent is a liquid are called liquid solutions. The solute may be a gas, liquid or solid. We 
have seen that the properties of a solution of gas in a liquid are governed by Henry’s law. In this section, we will study 
the properties of solid or liquid solute in a liquid solution. The liquid solvent is generally volatile whereas the solute 
may be volatile or non-volatile. Though a solution may have more than one solute, we will restrict our discussion to 
binary solutions that is where total number of components is two, that is, (a) liquid in liquid and (b) solid in liquid. 


Note: Vapor pressure is the pressure of the vapor resulting from evaporation of a liquid (or solid) in a closed 
system. 


Raoult’s Law 


Raoult’s law states that for a solution containing a non-volatile solute, the vapor pressure of the solution is directly 
proportional to mole fraction of the solvent. 


Psotution = K (Carica) (8.23) 


constant 


Now if x. = 1, then Potion = Psoent = Vapor pressure of pure solvent. Therefore, 


solvent 
Deen = K(1) (8.24) 


Then substituting Eq. (8.24) in Eq. (8.23), we get 


° 
Psotution = Psotvent ; X solvent 


Vapor Pressure of Liquid—Liquid Solutions 


When two (or more) components of a liquid solution can evaporate, the vapor contains molecules of each substance. 
Each volatile component contributes its own partial pressure to the total pressure. Consider a binary solution of two 
components A and B (both liquids). Let p total be the total vapor pressure of the solution due to both the components 
and let p, and p, be the partial pressures of component A and B, respectively. Then by Raoult’s law, the partial pres- 
sure of a particular component is directly proportional to the component’s mole fraction in the solution. By Dalton’s 
law of partial pressures, the total vapor pressure will be the sum of the partial pressures. To calculate these partial 
pressures, we use the Raoult’s law equation for each component. When component A is present in a mole fraction of 
x,, its partial pressure (p,) is this fraction of its vapor pressure when pure, namely, p%. 


Pa =*aPa (8.25) 
And, by the same argument, pz, the partial pressure of component B, is 
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Pz =XpPp (8.26) 


The total vapor pressure of the solution of liquids A and B is then, by Dalton’s law of partial pressures, the sum of p, and p,. 


Pro = Pa + Pp 
Substituting for p, and p,, we get 


Pio = 45 Pat %n Po (8.27) 


Notice that this equation contains the Raoult’s law equation as a special case. If one component, say, component B, is 
non-volatile, it has no vapor pressure (p,, is zero) so the x, p;, term drops out, leaving the Raoult’s law equation. 
Further, the total vapor pressure of the solution in which both the components are volatile can be related to the mole 
fraction of any one component using the relation x, +x, = 1 or x, =1—- x, in Eq. (8.27). Then 


Prat = 1- Xp) P's + Xx Pa = Pat (Pp Pale (8.28) 
The equation shows that vapor pressure of the solution is 7 _ 
a linear function of mole fraction of either of the compo- Te oe nae 
nents, and it can also be related to mole fraction of any one oe e 
Otal — 


component. A plot of vapor pressure vs. mole fractions of a _ p® + (p— p%)xg 
binary solution is shown in Fig. 8.8. 
From the plot, we can see that 


1. When only component A is present, that is x, = 1 and 
X, = 0, the vapor pressure corresponds to that of pure 
component A. As component B is added, the mole 
fraction of A decreases and so does the vapor pressure, 
as shown along line I. 


Vapor pressure 


2. When only pure component B is present, that is x, = 
0 and x, = 1, the vapor pressure corresponds to that of 
pure component B. As component A is added, the mole Xa=1 Mole fraction Xp = 
fraction of B decreases and so does its vapor pressure, X_=0 X,=0 
as shown along line II. 


Figure 8.8 Change of vapor pressure with the mole 


3. Depending on the vapor pressure of pure components faction far-an ideal solutian 


A and B, the total vapor pressure over the binary solu- 
tion varies between the vapor pressure of A and B as 
shown along line III. 
4. If component A is less volatile than component B, that is p{ < pz, then from the graph we can see that the maxi- 
mum value of 7,1; 18 Pp, and the minimum value is p%. 


The vapor phase over the solution is in equilibrium with the solution and its composition can be determined by the 
partial pressures p, and p, of the components A and B. If y, and y, are the mole fractions of A and B, respectively, in 
the vapor phase, then by Dalton’s law 


Pa = Ya Protal 
and Pg = YpProtat 


Solved Example EI 


Acetone (molar mass 58.1 g mol”) has a vapor pressure must be added to 156 g of acetone to decrease its vapor 
at a given temperature of 162 mm Hg. How many grams pressure to 150 mm Hg? 
of the non-volatile stearic acid (molar mass 284.5 g mol'') 
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Solution 

We know that D,-erone = * 

mole fraction of acetone: 
150 mm Hg =x x 162 mm Hg > x 
Now solve for the moles of steric acid: 


X D> stoner First, solve for the 


acetone 


= 0.926 


acetone acetone 


mol acetone 


x acetone 


mol acetone + mol stearic acid 
1 mol acetone 


Mol acetone = (156 g acetone) (= a ee 
.0 mol acetone 


= 2.69 mol acetone 


¥ =9.996= 2.69 mol acetone 


acetone 


2.69 mol acetone+ x mol stearic acid 
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(0.926)(2.69 mol acetone + x mol stearic acid) = 2.69 
mol acetone 

2.49 mol acetone + 0.926x mol stearic acid = 2.69 mol 
acetone 

0.926x mol stearic acid = 0.199 

x mol stearic acid = 0.215 mol stearic acid 
Finally, solve to find the number of grams of stearic acid 

g stearic acid = (0.215 mol stearic acid) x 


(Fe g stearic acid 


—, = 61.2 g stearic acid 
1 mol stearic acid 


Solved Example | 8-32 | 


Acetone is a solvent for both water and molecular liq- 
uids that do not dissolve in water like benzene. At 
20°C, acetone has a vapor pressure of 162 mm Hg and 
water has vapor pressure of 175 mm Hg. Assuming 
that the mixture obeys Raoult’s law, what would be the 
vapor pressure of a solution of acetone and water with 
50.0 mol% of each? 


Solution 


A concentration of 50 mol% corresponds to a mole frac- 
tion of 0.5, so 
Pacetone = 0.500 x 162 mm Hg = 81.0 mm Hg 
Pwater = 0-500X17.5mm Hg = 8.75 mm Hg 
Prorat = 81-0+ 8.75 = 89.8 mm Hg 


Solved Example | 8-33 | 


Two liquids A and B form ideal solutions. At 300K, the 
vapor pressure of a solution containing 1 mole of A and 
3 moles of B is 550 mm of Hg. At the same tempera- 
ture, if one more mole of B is added to this solution, the 
vapor pressure of the solution increases by 10 mm of Hg. 
Determine the vapor pressure of A and B in their pure 
state. 


Solution 


Let the vapor pressure of pure A be = p\ and the vapor 
pressure of pure B be = p,. The total vapor pressure of 
solution (1 mole fraction of A and 3 is mole fraction of B). 
Therefore, we have the total vapor pressure as 


Toe ye 
0S Pt Pa 
or 2200 = p® +3p2 (1) 


The total vapor pressure of solution (when 1 mol A + 
4 mol B) is 


tg Ag 
S00 Pat aa 


or 2500 = px +43 (2) 


Solving Eqs. (1) and (2), we get p§ =400 mm Hg and p; = 
600 mm of Hg. 


Vapor Pressure of Solutions of Solids in Liquids 


The other class of liquid solutions consists of solids (non-volatile solute) dissolved in a liquid, for example, salt or sugar 
dissolved in water, sulphur dissolved in carbon disulphide, etc. All liquid solutions of non-volatile solutes (solutes that 
have no tendency to evaporate) have lower vapor pressures than their pure solvents. The vapor pressure of such a 
solution is proportional to how much of the solution actually consists of the solvent. This proportionality is given by 
Raoult’s law (also known as the vapor pressure-concentration law) which says that the vapor pressure of the solution, 
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Deotutions €quals the mole fraction of the solvent, X,oien 
equation form, Raoult’s law is expressed as follows. 


P. solution 


Because of the form of this equation, a plot Of Doiron VS: X 
all concentrations when the system obeys Raoult’s law (see Fig. 8.9). 
Notice that the mole fraction in Raoult’s law refers to the solvent, not the 


° 
= X oivent P solvent 


solvent 
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multiplied by its vapor pressure when pure, that is, p°.,,,,- In 


(8.29) 


should be linear at 
Vapor pressure of 


pure solvent 


solute. Usually, we are more interested in the effect of the solute’s mole fraction 5 
concentration, X,,),,-, on the vapor pressure. We can show that the change in vapor é 
pressure, Ap, is directly proportional to the mole fraction of solute, x,,,,,.) a8 follows. 
Psolution = Xsolvent PSolvent 
Ap oe: X solute | ee (8.30) 

? Xsolvent 1 

Here, AD = Poivent — Psoin: . 
a Figure 8.9 Raoult's law plot. 
So. x Ze i = Pia) 
? solute 


This relation shows that relative lowering of vapor pressure x. 
The change in vapor pressure equals the mole fraction of the solute times 
the solvent’s vapor pressure when pure. The effect is shown in Fig. 8.10. 


1. Figure 8.10(a) shows that an equilibrium between a pure solvent 
and its vapor. With a high number of solvent molecules in the 
liquid phase, the rates of evaporation and condensation are rela- 


tively high. 


2. Figure 8.10(b) shows that in the solution, some of the solvent 
molecules have been replaced with solute molecules. There are 
fewer solvent molecules available to evaporate from solution. The 


fe) 
P. solvent 


solute* 


Vapor pressure gauges 


evaporation rate is lower. When equilibrium is established, there 


are fewer solvent molecules in the vapor. The vapor pressure of 


the solution is less than that of the pure solvent. 


Figure 8.10 Effect of a non-volatile solute 
on the vapor pressure of a solvent. 


Solved Example | 8-34 | 


Carbon tetrachloride has a vapor pressure of 100 mm Hg 
at 23°C. This solvent can dissolve candle wax, which is 
essentially non-volatile. Although candle wax is a mix- 
ture, we can take its molecular formula to be C,,H,, 
(molar mass 311 g mol”). What is the vapor pressure at 
23°C of a solution prepared by dissolving 10.0 g of wax in 
40.0 g of CCl, (molar mass 154 g mol")? 


Solution 


First we calculate the moles of each component. 


For CCI,, 40.0 g CCL, x LM CC’ _ 9.260 mol CCl, 
154 ¢ CCl, 

For C,,H,,, 

10.0 g CypHyy x nel Caos _ 9.0322 mol CH 


311 g C,,H,, 
The total number of moles =0.292 mol 


Now, we can calculate the mole fraction of the solute, 
CyFy6 


_ 0.0322 mol _ 


x =" = 0.110 
©2Mw 0.292 mol 


The amount that the vapor pressure is lowered, Ap, will 
be this particular mole fraction, 0.110, times the vapor 
pressure of pure CCl, (100 mm Hg), calculated by equa- 
tion Ap a X solute x Pen 


Ap = 0.110 x 100 mm Hg = 11.0mm Hg 


The presence of the wax in the CCl, lowers the vapor 
pressure of the CCl, by 11.0 mm Hg (i.e., from 100 to 
89 mm Hg). 
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8.8 | ENTHALPY OF SOLUTION 


Because intermolecular attractive forces are important when liquids and solids are involved, the formation of a solu- 
tion is inevitably associated with energy exchanges. The total energy absorbed or released when a solute dissolves in 
a solvent at constant pressure to make a solution is called the molar enthalpy of solution, or usually just the heat of 
solution, AH. 


soln* 


1. Solid in Liquid solution: The molar enthalpy of solution of a solid in a liquid, also called the heat of solution, is 
the sum of the lattice energy and the solvation energy (or, when water is the solvent, the hydration energy). The 
lattice energy is the increase in the potential energy of the system required to separate the molecules or ions of 
the solute from each other. The solvation energy corresponds to the potential energy lowering that occurs in the 
system from the subsequent attractions of those particles to the solvent molecules as intermingling occurs. 


Consider the enthalpy diagram showing these steps for potassium iodide is given in Fig. 8.11. 


Step 1: This corresponds to the lattice energy of KI, which is represented by the thermochemical equation 
KI(s) > K*(g)+I (g) AH =+632 kJ 
Step 2: This corresponds to the hydration energy of gaseous K* and I ions. 


K*(g)+I (g) > K*(aq)+I (aq) AH =-619 kJ 


—619 kJ mol 


+632 kJ mol From hydration 
From lattice enthalpy being 
enthalpy being released 
absorbed (Step 2) 

(Step 1) 


Dilute 
_4 solution of 
1 mol KI 
+ K*(aq) + (aq) 


Pure 
water 


+13 kJ mol = AM goin 


T=25°C 
Formation 
of solution is 
endothermic. 
Lattice energy: KI(s) > K*(g)+I"(g) AH = +632 kJ 
Hydration energy: K*(g) +I (g) > K*(aq)+ I (aq) AH =-619kJ 
Total: KI(s) > K*(aq) +I (aq) AVE tiie ona) 


Figure 8.11 Enthalpy diagram for the heat of solution of one mole of potassium iodide. 


The enthalpy of solution is obtained from the sum of the equations for Steps 1 and 2 and is the enthalpy change 
when one mole of crystalline KI dissolves in water. 


KI(s) > K*(aq)+I- (aq) AH,,,, =+13kJ 


soln 


The positive value of AH, ,,,, indicates that the solution process is endothermic for KI, in agreement with the obser- 
vation that when KI is added to water and the mixture is stirred, it becomes cool as the KI dissolves. 
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2. Liquid in liquid solution: When liquids dissolve in liquids, an ideal solution forms if the potential energy increase 
needed to separate the molecules equals the energy lowering as the separated molecules come together. Usually, 
some net energy exchange occurs, however, and few solutions are ideal. 


Imagine a three-step path going Expanded Expanded 


from the initial to the final state (see solute solvent 
Fig. 8.12). We will designate one liquid Lg ET 
as the solute and the other as the sol- i - es, ae 


vent. The steps involved are as follows: 


Step 1: Expand the solute liquid. First, Expanded Step 2 
we imagine that the molecules of one solute 
liquid are moved apart just far enough 
to make room for molecules of the 
other liquid. Because we have to over- 
come forces of attraction, this step 
increases the system’s potential energy Step 1 
and so is endothermic. sole ane 


Solvent 


Ideal solution 


Step 2: Expand the solvent liquid. The 
second step is like the first, but is done 
to the other liquid (solvent). On an 
enthalpy diagram (Fig. 8.12) we have 

: For an ideal solution, 
climbed two energy steps and have Nee cr 
both the solvent and the solute in their AH, + Hp =—AHsg 
slightly “expanded” conditions. 
Step 3: Mix the expanded liquids. The Figure 8.12 Enthalpy changes in the formation of an ideal solution. 
third step brings the molecules of the 
expanded solvent and solute together to form the solution. Because the molecules of the two liquids experience 
mutual forces of attraction, bringing them together lowers the system’s potential energy, so Step 3 is exothermic. 
The value of AH,,,,, will, again, be the net energy change for these steps. 


soln 
The enthalpy diagram in Fig. 8.12 shows the case when the sum of the energy inputs for Steps 1 and 2 is equal to 
the energy released in Step 3, so the overall value of AH,,,, is zero. For example, when we make a solution of benzene 
and carbon tetrachloride, the attractive forces between molecules of benzene are almost exactly the same as those 
between molecules of CCl,, or between molecules of benzene and those of CCl,. If all such intermolecular forces 


were identical, the net AH,,,, would be exactly zero, and the resulting solution would be called an ideal solution. 


soln 


Note: Be sure to notice the difference between an ideal solution and an ideal gas. In an ideal gas, there are no 
attractive forces. In an ideal solution, there are attractive forces, but they all have the same magnitude. 


For most liquids that are mutually soluble, AH,,,, is not zero. Instead, heat is either given off or absorbed. For 
example, acetone and water are liquids that form a solution exothermically (AH,,,, is negative). With these liquids, 
the third step releases more energy than the sum of the first two chiefly because molecules of water and acetone 
attract each other more strongly than acetone molecules attract each other. This is because water molecules can 
form hydrogen bonds to acetone molecules in the solution, but acetone molecules cannot form hydrogen bonds 
to other acetone molecules in the pure liquid. 


Ethanol (CH,CH,OH) and hexane (CH,CH,CH,CH,CH,CH,) form a solution endothermically. In this case, the 
release of energy in the third step is not enough to compensate for the energy demands of Steps 1 and 2, and the 
solution cools as it forms. Ethanol molecules attract each other more strongly than they can attract hexane mol- 
ecules. Hexane molecules cannot push their way into ethanol without breaking up some of the hydrogen bonding 
between ethanol molecules. 


3. Solution of gas in gas: Unlike the case for solid and liquid solutes, only very weak attractions exist between gas 
molecules, so the energy required to “expand the solute” is negligible. Since the gases are already separated and 
remain so gas mixture, the net enthalpy of solution is very small if not zero. The heat absorbed or released when 
a gas dissolves in a liquid has essentially two contributions, as shown in Fig. 8.13. 
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(a) Energy is absorbed to open “pockets” in the solvent that can hold gas molecules. The solvent must be 
expanded slightly to accommodate the molecules of the gas. This requires a small energy input since attrac- 
tions between solvent molecules must be overcome. Water is a special case; it already contains open holes in 
its network of loose hydrogen bonds around room temperature. For water, very little energy is required to 
create pockets that can hold gas molecules. 


(b) Energy is released when gas molecules enter the pockets. Intermolecular attractions between the gas mol- 
ecules and the surrounding solvent molecules lower the total energy, and energy is released as heat. The 
stronger the attractions are, the more heat is released. Water is capable of forming hydrogen bonds with some 
gases, while organic solvents often can’t. A larger amount of heat is released when a gas molecule is placed in 
the pocket in water than in organic solvents. 


Gaseous Expanded 
solute solvent 


Water Gaseous Expanded 


Gaseous 
solute solvent 


solute 


¢ _| Solution 


Gaseous Organic 


solute solvent Solution 


AH goin iS: 
AHgoin iS exothermic 


endothermic J 


Figure 8.13 A molecular model of gas solubility. 


These factors lead to two generalizations: 


(a) When a gas dissolves in an organic solvent, the solution process is often endothermic because the energy 
required to open up pockets is greater than the energy released by attractions formed between the gas and 
solvent molecules. 


(b) When a gas dissolves in water, the solution process is often exothermic because water already contains pockets to 
hold the gas molecules, and energy is released when water and gas molecules attract each other. 


Solved Example | 8-35 | 


Suggest a reason why the value of AH. 


coin f0L agas suchas Solution 
CO,, dissolving in water, is negative. 


When a gas dissolves in a liquid, there is no endothermic 
step analogous to the lattice energy of a solid. The only 
enthalpy change is the one associated with hydration, and 
this is always negative. 


Solved Example | 8-36 | 


When a certain solid dissolves in water, the solution Solution 
becomes cool. Is AH,,,, for this solute positive or nega- 
tive? Explain your reasoning. Is the solubility of this 
substance likely to increase or decrease with increasing 
temperature? Explain your answer using Le Chatelier’s 


principle. 


If the solution becomes cool, it is an endothermic process 
and the AH,,,,, is positive. This is because the solution is 
absorbing heat from the surroundings. The solubility is 
likely to increase with increasing temperature because 
heat is required for the reaction to proceed, so increasing 


the temperature increases the amount of heat available. 
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8.9 | IDEAL SOLUTIONS 


The liquid—liquid solutions can be divided into ideal or non-ideal (real) based on whether they obey Raoult’s law 
exactly or not. These differences between ideal and real solution behaviors are quite useful. They can tell us whether 
the attractive forces in the pure solvents, before mixing, are stronger or weaker than the attractive forces in the mixture. 

A solution is said to be ideal if each of its components obeys Raoult’s law for the entire composition range. In a 
binary solution of components A and B, the enthalpy of mixing AH,,,. is zero, that is, in preparation of an ideal solution 
no thermal change is observed. This can be explained on the basis of interactive forces between A-A, B-B and A-B. 
If the interactive forces are of the same order, then the energy required to dissociate a molecule of A from component 
A or molecule of B from component B will be compensated by the energy released by association of A with B or B 
with A. For example, in the solution of benzene in CCL,, attractive forces between molecules of benzene are almost 
exactly the same as those between molecules of CCl,, or between molecules of benzene and those of CCl,. If all such 
intermolecular forces were identical, the net AH,,,, would be exactly zero, and the resulting solution would be called 
an ideal solution. 


Mathematical proof: The above observation can be supported with mathematical proof as follows. Consider a homo- 
geneous solution placed in a closed evacuated vessel. The total vapor pressure after it attained equilibrium is equal 
to the sum of partial pressure of its constituents. An ideal solution is the one which follows Raoult’s law under all 
conditions of compositions. 

The various constituents of an ideal solution will obey the following relationship: 


M,(soln) = “4? + RT Inx; 


where “,(soln) = chemical potential of ith constituent of the solution, 4/?(1) = chemical potential of pure liquid con- 
stituent 7 and x, = mole fraction of the constituent in the solution. 


Hence, AG i = tho RT DX; 4, 
AS nix = Nrotal RIS %, In xX; 
Now, AG = AH — TAS 


Therefore, AH, = 0. Hence, in the formation of an ideal solution neither heat is absorbed nor evolved, that is, heat 
change is zero. 

In an ideal solution, the volume of mixing (AV,,,,) is also zero, that is, the final volume of the solution is equal to 
the sum of volumes of components being mixed. Only a few pairs of liquid show ideal behavior, examples include, ben- 
zene and toluene, bromoethane and chloroethane, etc. However, all solutions when diluted approach ideal behavior. 

Now, since AH,,;, = 0 and AV,,,. = 0 for an ideal solution, therefore we can conclude that the attractive force act- 
ing between the molecules of its constituents must be identical in nature, that is, A-A attractive force = B—B = A-B 
attractive forces. 

Also the partial molar volume of a constituent in an ideal solution is equal to the molar volume of the constituent 
when present in the pure form. Some examples of ideal binary liquid solutions are as follows: 


1. Ethylene dibromide and propylene dibromide at 358 K. 
2. n-Hexane and n-heptane at 303 K. 

3. Ethyl bromide and ethyl iodide at 303 K. 

4. n-Butyl chloride and n-butyl bromide at 323 K. 


Vapor Pressure of Ideal Binary Liquid Solution 


Assuming both constituents (A and B) to form an ideal binary solution, following Raoult’s law over the entire range 
of composition, the partial pressures exerted by vapors of their constituents over the solution, will be given by 


Dy = Pye, 
Pp = Pa Xp 


where x,,X, = mole fractions and pp, = vapor pressure of pure constituents. Now, 
oO fe) 
Pr = Pat Pp =Xa'* Pa tp Pp 


https://telegram.me/unacademyplusdiscounts 


Also, x, +X, =1, thus we have 
Py =Xq* Pat (1-X,) Pp 
Pr = Ppt (Pa ~ Pa) Xa 


y=ctm-x 
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(can be compared to equation of straight line) 


Further, the composition of the vapor phase can also be determined using Dalton’s law. 


y= Pa _ PAX 
A 5G) ° ° 
Pr Pa+(Pa-Pp)Xa 
Pz XpPp 
Ya = al=y == a 5 
Pr Px*(PE—Pa)*p 
i= YaPp 


Pat (Pe PAV, 


Py = Pa t+ (Da — Pa)X a = Pat (PR 


_ PoP» 
Pa + (PR - PA)Va 


Therefore, Pr 


1 pat(pe-Padya _ 1 


YaPp 
Px + (Pa - Pa)Ya 


Ps) 


or 


Py PaPa Pp 


Solved Example | 8-37 | 


If the value of AH,,,, for the formation of a mixture of two 
liquids A and B is zero, what does this imply about the 
relative strengths of A-A, B—B, and A-B intermolecular 


attractions? 


Solution 


The fact that the AH,,,, value for the formation of a mix- 
ture of A and B is zero, implies that the relative strengths 
of A-A, B-B, and A-B intermolecular attractions are 


similar. 


Solved Example | 8-38 | 


The molar volume of liquid benzene (density = 
0.877 g mL”) increases by a factor of 2750 as it vapor- 
izes at 20°C and that of liquid toluene (density = 0.867 
g mL’) increases by a factor of 7720 at 20°C. A solution 
of benzene and toluene at 20°C has a vapor pressure of 
46.0 torr. Find the mole-fraction of benzene in the vapor 
above the solution. (IIT-JEE 1996) 


Solution 


In the vapor phase, 
1 mol (or 78 g) benzene has volume at 
78X1 


20°C = x 2750 mL 
0.877 
1 mol (or 92 g) toluene has volume at 
20°C = 22%? 9790 mL 
0.867 


The vapor pressures of pure benzene and toluene are 


Pr . 78 x 2750 
760 0.877 x 1000 
Py | 927720 
760 0.877 x 1000 


=1x0.0821 x 293 = 74.74 mm Hg 


= 1x0.0821 x 293 = 22.37 mm Hg 


Given that p,,;, =46 mm Hg. So, 
Prix = PpXp + PrXy = 46 = PgxXy + Pp(1—-Xg) 
or 46 = 74.74x, + 22.37(1- x,) 


Solving, we get x, = 0.73, therefore, x, = 1 — 0.73 =0.27 
Mole fraction of benzene in vapor phase is 


Ppa _ PpXp _ 74.74x0.73 _ 
Prix Prix 46 


yz = 1.19 
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Solved Example | 8-39 | 


Assuming ideal behavior, calculate the vapor pressure 
of 1.0 molal solution of a non-volatile molecular solute 
in water at 50°C. The vapor pressure of water at 50°C is 
0.122 atm. 


Solution 


Pyotution = Pa = Par, (Raoult’s law) 


By using the relation between molality and mole fraction, 
we have: 


_ Xp 1000 _1-x, | 1000 


X, My Xa My 
1000 
‘= 
mM , +1000 
7 1000 _ 1000 = 0.982 


~ 1x184+1000 1018 
Peotstion = P2Xa = 0.122 x 0.982 = 0.120 atm 


Solved Example | 8-40 | 


The vapor pressures of two pure liquids A and B that form 
an ideal solution are 300 torr and 800 torr, respectively, at 
temperature 7. A mixture of the vapors of A and B for 
which the mole-fraction of A is 0.25 is slowly compressed 
at temperature T. Calculate 

(a) the composition of the first drop of the condensate. 


(b) 
(c) the composition of the solution whose normal boil- 
ing points is 7. 


the total pressure when this drop is formed. 


(d) 


the pressure when only the last bubble of vapor 
remains. 


(e) 


composition of the last bubble. 


Solution 


Given that p§ = 300torr and p§, = 800 torr. Now, let the 
mole fractions in vapor phase be y, and y,, then 


y, =0.25 and y, =1-—0.25=0.75 
(a) By the condensation of only one drop, we can assume 


that vapor composition remains the same. 


° fo} 
— PrXa _ Pars 


and y,= 


where x, and x, are mole fractions in solution phase. 
Also, y, =1—y,, or 

Ya _ PAX 

Ya  PR(l-x,) 
Putting various known values we get x, = 0.47 and 
X, = 0.53. 
The total pressure is p,=py xX, +PRXpg= 
300 x 0.47 + 800 x 0.53 = 565 torr 
(c) Atmospheric pressure is expressed as 760 = 300x, + 


800x,. At boiling point, vapor pressure = atmos- 
pheric pressure. So, 


(b) 


760 = 300x, +800(1—x,) > x, = 0.08 
Therefore, x, = 0.92. 
(d) 


When only the last bubble of vapor remains, we can 
assume composition of vapor is now the composition 


of the condensate. 


,  p& _ 0.25x300 _ 


y 0.11 
- Protat 675 


(e) Composition of the last bubble is yz = 1—0.11= 0.89. 


Solved Example | 8-411 | 


At 20°C, the vapor pressure of cyclohexane, a hydrocar- 
bon solvent, is 66.9 mm Hg and that of toluene (another 
solvent) is 21.1 mm Hg. What is the vapor pressure of a 
solution of the two at 20°C when the mole fraction of 
toluene is 0.250? 


Solution 
= 0.750 x 66.9 torr = 


_ ° 
P cyclohexane ~~ X cyclohexane x Pryciohexane 


50.2 mm Hg 
Promene = Xtotuene * Prouene = 9-250 X 21.1 torr = 5.28 mm Hg 
Protal = Pyciohexane + Protuene aa 230 torr + 10.6 torr = 55.4 mm Hg 
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Solved Example | 8-42 | 


Using the information from Solved Example 8-41, calcu- 
late the expected vapor pressure of a mixture of cyclohex- 
ane and toluene that consists of 100.0 g of each solvent. 


Solution 


First we need to find the moles of the cyclohexane and the 
moles of toluene. 


mol cylcohexane: = (100 g cyclohexane) 


( 1 mol cyclohexane 


= 1.188 mol cyclohexane 
84.15 g cyclohexane 


mol toluene = (100 g toluene) ( amp lioluene ) 


92.14 g toluene 
= 1.085 mol toluene 


Now, find the x and the x 


cyclohexane toluene 


1.188 mol cyclohexane 


Aegon 7 188 mal cyclohexane + 1.085 mol toluene 
= 0.523 
Be =1-x = 1-0.523 = 0.477 


toluene cyclohexane 


The vapor pressures are calculated as follows: 


— oO — _ 
P. cyclohexane ~~ X cyclohexane x P cyclohexane 0.523 x 66.9 = 35.0 torr 


Proluene = X toluene x Peas = 0.477 x 21.1 = 10.1 torr 
Protal = P eyciohexane + Protuene = oo) + 10.1 = Al, torr 


Solved Example } 8-4 3 | 


One mole of component A and two moles of component 
B are mixed at 27°C to form an ideal binary solution. 
Calculate AV,,,,,, AH nix, AG pix and AS 


mix? mix? mix mix* 


Solution 


Given that n, =1,n, = 2, T= 300K. 
Since it is an ideal solution, AV,,,, = 0 and AH,,,, = 0. Also, 
mole fraction is given by 
1 1 2 2 
_ ==. x,= = 
14+2 3 14+2 3 


Xa 


We know that 
AGaix = Aah T Z x,log x; 
= 2.303x3x8.314x 300| 2 log z + z log 2 
2: 3 3 3 
= —4765.9 J 


We know that AG,,,, = AH,,,, — TAS,,;. 


ate 15.88 JK? 


Therefore, nC =AS.. = 


Solved Example [i:2.7! 


Liquids X and Y form an ideal solution. The vapor pres- 
sure of X and Y at 100°C are 300 and 100 mm of Hg, 
respectively. A solution composed of 1 mol of X and 1 mol 
of Y at 100°C is collected and condensed. The condensate 
is heated at 100°C and vapor is again condensed to form 
a liquid A. What is mole fraction of X in A? 


Solution 


Initially in the liquid phase, the pressure and mole frac- 
tions are given by 

Px =300mm and py = 100mm 
1 


and Xiyay = 5 


1 
Xx = > 


Therefore, 
1 1 
Px =e = and py ee 


Thus, D4) = 150 + 50 = 200 mm 


We now calculate mole fraction of X and Y in vapor 
phase, using Dalton’s law, as 
Px = X(x,vap) X Protai 


150 = Xx vap)(200) 


3 

X(x,vap) = 4 

hs 1 
Similarly, Xv vap) = A 


When this is condensed, the mole fraction in this vapor 
phase will be equal to the mole fraction of the new liquid 
phase. Let the mole fractions in new liquid phase be x,,,; 
and x,y. Then 


) 


3 
X1x,1) = *X(x.vap) = A 
1 
Xiy,1) = X(yvap) = 4 


https://telegram.me/unacademyplusdiscounts 


Chapter 8 | Solutions 


Therefore, 
3 3 
Px =—* Px =—%x300 = 225 
(new) 4 
Py = ee 1 100 = 25 
(new) 4 


Thus, ?,,,41 = 250 mm. 
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Now when the condensate is heated to vapor, let the mole 
fraction of X and Y in the new vapor phase be x,,x_,,,) and 
X1(y,vap: Lhen, according to Dalton’s law 


Px (new) = 225 ae 
Protat 250 


0.9 


*1(x.vap) = 


So if it is again condensed, then 
X10x, vap) = Xxx, = Mole fraction of X in liquid A = 0.9 


Solutions are non-ideal if they do not obey Raoult’s law over the entire composition range. In preparation of such 


solutions, heat is either given out or absorbed (AH, 


#0) and the volume of the final solution is not equal to the sum 


mix 


of volume of individual components of the solution (AV,,,, # 0). The vapor pressure of the solution is either higher or 
lower than that predicted by Raoult’s law. Depending on type of deviation of from ideal behavior, non-ideal solutions 
may be classified as showing negative deviation (lower vapor pressure than predicted) or positive deviation (higher 
vapor pressure than predicted). 


1. 


Negative deviation: In such solutions of component A and B, the A-B interactions are stronger than the A~A and 
B-B interactions. Since the interactions between solute and solvent are stronger than solute-solute and solvent- 
solvent interactions, lesser number of the molecules escape in pure state. As a result, the vapor pressure of the solu- 
tion is lower than that predicted by Raoult’s law. For example, acetone and water are liquids that form a solution 
exothermically (AH,,,, is negative). With these liquids, the step involving interactions of acetone with water releases 
more energy than the sum of the interactions between component molecules, that is, water-water and acetone— 
acetone. This is because molecules of water and acetone attract each other more strongly than acetone molecules 
attract each other. This is further due to the formation of hydrogen bonds by water molecules with acetone molecules 
in the solution, but acetone molecules cannot form hydrogen bonds with other acetone molecules in the pure liquid. 

Another example of negative deviation is that of solution of phenol with aniline. 
Here, the hydrogen bonding between acidic proton on phenol with the lone pair on 
nitrogen (intermolecular hydrogen bonding) is stronger than the hydrogen bonding 
between aniline—aniline or phenol-phenol molecules (intramolecular hydrogen bond- 
ing). Some other examples are: chloroform + benzene and acetic acid + pyridine. The H 
variation in vapor pressures of the components A and 
B of the solution with the mole fraction for negative 
deviation is shown in Fig. 8.14. 


Hydrogen bond CH, 


CH; 


Acetone 


Positive deviation: In such solutions of component A 
and B, the A-B interactions are weaker than the A-A 
and B-B interactions. Since the interactions between 
solute and solvent are weaker than interactions 
between solute and solute or solvent and solvent, some 
of the molecules escape in pure state. As a result, the 
vapor pressure of the solution is higher than that pre- 
dicted by Raoult’s law. Mixture of ethanol and hexane 
is an example of this kind. Ethanol molecules attract 
each other more strongly than they can attract hexane 
molecules. Hexane molecules cannot push their way 
into ethanol without breaking up some of the hydro- 
gen bonding between ethanol molecules. Hence, etha- 
nol and hexane form a solution endothermically. In 
this case, the release of energy in association of etha- 
nol with hexane is not enough to compensate for the 


Vapor pressure 


Mole fraction 


Xa=1 
Xp =0 


Xp = 1 
X,=0 


Figure 8.14 Change of vapor pressure with mole 
fraction in a non-ideal solution showing negative 
deviations. 
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energy demands required to overcome the attractive 2 
interactions between the components, and the solu- 
tion cools as it forms. Other examples of mixtures 
showing positive deviation are: acetone + carbon 
disulphide; carbon tetrachloride + benzene; carbon 
tetrachloride + toluene; etc. The variation in vapor 
pressures of the components A and B of the solu- 
tion with the mole fraction for positive deviation is 
shown in Fig. 8.15. 


Vapor pressure 
Bb 


From the figure, we can see that vapor pressure of 
the solution is lower than that predicted by Raoult’s 
law (dashed lines show ideal behavior). 


Xa = Mole fraction Xp= 1 


Azeotropic (Constant Boiling) Mixtures X= 0 X,=0 

Some liquid solutions of two (or more) components Figure 8.15 Change of vapor pressure with 
have a composition that does not change on distilla- mole fraction in a non-ideal solution showing 
tion. This is because they have the same composition positive deviation from ideality. 

in solution as well as in vapor phase. Such mixtures are 

azeotropic or constant boiling mixtures and are known Vapor-liquid equilibrium 

as azeotropes. It is difficult to separate the components Mixture of ethanol and water 


of these mixtures by fractional distillation as both the 
components vaporize at the same temperature that is 
the boiling point of the mixture. The azeotropes have 
a characteristic boiling point which is either higher 
(positive deviation) or lower (negative deviation) than 
any of its constituents and are called minimum boil- 
ing and maximum boiling azeotropes, respectively. For 
example, ethanol, normally obtained on distillation, is 
an azeotrope of composition ethanol (95%) + water 
(5%). It is a maximum boiling (negative deviation) 
azeotrope because it boils at 78.2°C; whereas the boil- 
ing point of pure ethanol is 78.4°C and that of water is ~~ Liquid composition se eT 
100°C (Fig. 8.16). Similarly, mixture of nitric acid and = =——79}------- eae poonnne jh I hy ge og Tg 
water exist as an azeotrope of composition nitric acid —— 
(68%) + water (32%) by mass. It is a minimum boil- 


| | p=101.325 kPa 


Peswesebes cease beewews Pewee soe ene eee eea 


Vapor composition 


[es eee (ae eee! 


esSceGbessscclesasss 


Temperature (°C) 


7 | | 
0 01 02 03 04 05 06 07 08 09 1 


. eae Mare ; ‘i P i P 
ing (positive deviation) azeotrope because it boils at vee MS le reesei ae! ee 
120.5°C, whereas the boiling point of pure nitric acid is 

86°C and that of water is 100°C. Figure 8.16 Azeotropic mixture of water and ethanol. 


Note: Non-ideal solutions often form azeotropes. Azeotropic mixtures cannot be easily separated by ordinary dis- 
tillation methods. For example, in distillation of ethanol and water mixture, ethanol is recovered up to about 89%, 
beyond which the mixture becomes azeotropic. A separation technique called azeotropic distillation is used for 
separation of these mixtures. 


Types of Azeotropes 
These are mainly two types of azeotropes, minimum boiling and maximum boiling and these are discussed as follows. 


1. Minimum boiling azeotropes: These are characteristics of non-ideal solution showing positive deviation from 
ideal solution, that is, AH,,;, > 0 and AV,,,, > 0. These solutions will boil at a lower boiling point than any of its 
pure components. The vapor pressure will be greater than any of its pure components. For example, in a non-ideal 
binary solution of ethanol and H,O, the pressure vs. mole fraction (of water) curve is as shown in Fig. 8.17(a). Here, 


the liquid phase is denoted by upper curve and vapor phase by lower curve. 
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‘| 375K 


T 
351 K.-----4--- Liquid SN es 
Ethanol Water 
Azeotrope 
Ethanol) H,0 (2 = 0.056 
XH,0 Xethanol = 0.944 


(a) (b) 


Figure 8.17 Ethanol-water non-ideal binary solution (minimum boiling azeotrope). (a) Pressure vs. mole fraction 
(water) curve. (b) Temperature vs. mole fraction (water) curve. 


In the temperature vs. mole fraction curve shown in Fig. 8.17(b) also, vapor phase is denoted by upper curve and 
liquid phase by lower curve. 


We can also understand that it will not be possible to separate this solution into pure components A and B com- 
pletely, even though, they have different boiling points. The fractional distillation will give one of the pure compo- 
nents (A or B) and azeotropic mixture C. 


In the above example we can get = 95% ethanol by volume of ethanol. At this composition, the liquid and vapor 
have the same composition and thus it not possible to further separate water from ethanol. 


2. Maximum boiling azeotropes: These are shown by non-ideal solutions showing negative deviation from ideal 
solution, that is, AH,,,, < 0 and AV,,,, < 0. These solutions will boil at a higher boiling point than any of its pure 
components. The vapor pressure will be lower than any of the pure components. 

For example, consider a non-ideal binary solution of HNO, and H,O. The pressure vs. mole fraction (HNO,) and 


temperature vs. mole fraction (HNO,) curves are shown in Fig. 8.18 (a) and (b), respectively. 


H,O a? HNO, H,O ee HNO, 
XHNO XHNO, 


(a) (b) 


Figure 8.18 Nitric acid-water non-ideal binary solution (maximum boiling azeotrope). (a) Pressure vs. mole fraction 
(water) curve. (b) Temperature vs. mole fraction (water) curve. 


In this case also, it will not be possible to obtain pure A and pure B by fractional distillation. In the above case, 
the composition of azeotrope is 68% HNO, and 32% of H,O by mass. We cannot separate HNO, from H,O any 
further. 
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8.11 | COLLIGATIVE PROPERTIES AND DETERMINATION OF MOLAR MASS 


The solution formed by the addition of a non-volatile solute to a solvent has a lower freezing point, a higher boiling 
point and a lower vapor pressure than that of the pure solvent. These effects are related and are known as colligative 
properties. The colligative properties are properties that depend only on the number of solute particles in a solution, 
but are independent of the nature of those particles. The term colligative is derived from the latin word colligare, 
which means to bind together. In this section, we will discuss the four colligative properties of solutions: vapor pressure 
lowering, boiling point elevation, freezing point depression and osmotic pressure. 


Note: The basic assumption for describing colligative properties of dilute solutions is that the solute is non-volatile 
and is not present in the vapor phase at all. 


Relative Lowering of Vapor Pressure 


The presence of a non-volatile solute in a solvent lowers the equilib- 
rium vapor pressure from that of the pure solvent. It is not hard to 
understand why this occurs based on what we have discussed about 


the interactions between the solute and solvent. Because of various O Solvent 
attractive forces, solvent molecules surround solute molecules or @ Solute 
ions. Solute molecules or ions thus tend to tie up the solvent mol- particles 


ecules, which in effect prevents them from escaping to vapor. The 
more solute particles present, the more solvent molecules that are 
held in the liquid phase. Thus the solution has a lower equilibrium 
vapor pressure than the pure solvent (Fig. 8.19). As we might pre- Pure solvent Solution 
dict from this model, the more solute particles present, the lower 
the vapor pressure of the solution. 

We can establish the relation between relative lowering of 
vapor pressure with the mole fraction of the solute based on Raoult’s law and show that the relative lowering depends 
only on concentration of the solute and not on nature of solute. According to Raoult’s law 


Figure 8.19 Vapor pressure lowering. 


Pa =XaPa 
The lowering of vapor pressure of the solvent Ap, is given by 


AP, = Pa- Pa 


Substituting for p,, we get 
APs = Pa~*aPa = Pad Xa) (8.31) 


We know that the sum of mole fractions of the solute and solvent is unity, that is, x, + x, = 1 or x, = 1-—x,. Using the 
relation in Eq. (8.31), the lowering of vapor pressure of the solvent can be expressed as 


APx = PiXp 

a) $32 

at AP Wigs Pr ae (8.32) 
Pr Pa 


Thus, we can see that the relative lowering of vapor pressure (LHS of the equation) depends only on the mole fraction 
of the solute (RHS of the equation). This relation can also be expressed in terms of molar masses of the solute and 
is used to determine the molar mass of an unknown solute present in a solution by measuring the lowering of vapor 
pressure. If n, and n, are the number of moles of solvent and solute respectively, then 
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n 
X, =— 
ny +N 
Substituting in Eq. (8.32), we get 
Pa-Prs Mp (8.33) 
Pa Ny +N 


For dilute solutions, as the number of moles of solute is very less as compared to number of moles of solvent, the equa- 
tion reduces to 


Wx TS w,xM, 


Pr ny M,xwy, 


(8.34) 


where w, and w, are the masses of solvent and solute taken and M, and M, are the molar masses of the solvent and 
solute. 
Mathematical formula for relative lowering when solution is not dilute: 


Pa~Pa__ 
Px Ny +Ng 
n,+n n 
or Ps a Ma gg 
Pa~Pa Ng Ny 
is n 
or PaTPa _ Mp 
Pa Na 


Ostwald and Walker Method 


In Ostwald and Walker method, we use two sets of bulbs. The first set of bulbs consists of solution and second set of 
bulbs consists of the pure solvent. Each set is weighed accurately and both sets are connected to each other. They are 
then connected to a weighed set of guard tubes containing dehydrating agents like P,O;, CaCL, etc. (Fig. 8.20). 


Air 


Solution Solvent tubes 


Figure 8.20 Ostwald-Walker method. 


A current of pure dry air is passed through the series of bulbs and the air gets saturated with vapors from each set. 
The air takes up an amount of vapors proportional to the vapor pressure of solution. When it is passed through pure 
solvent, it takes up amount of vapors proportional to difference in vapor pressure of pure solvent and that of solution. 
Therefore, 

Loss in mass of solution « p, 

Loss in mass of solvent « pi 

Total loss in both solution solvent «< pi + py 


Px-DPa Loss in mass of solvent 


Therefore, - - - 
Pr Total loss in mass in solution + solvent 
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Also gain in mass of CaCl, tube « p,. Therefore, 


Px—Px _ Lossinmass of solvent 


Pr Gain in mass of CaCl, tube 


Effect of Lowering of Vapor Pressure on Freezing and Aisolite stays 


Boiling Points in the liquid 
phase. 


The lowering of the vapor pressure produced by the presence of 
a non-volatile solute affects both the boiling and freezing points 
of a solution. This is illustrated for water in Fig. 8.21. 

The solid blue lines in the figure correspond to the three 
equilibrium lines in the phase diagram for pure water. Adding a 
non-volatile solute lowers the vapor pressure of the solution, giv- 760 be 
ing a new liquid—vapor equilibrium line for the solution, which is 
shown as the red line connecting points A and B. 

If we look at where the solid—liquid and liquid—vapor lines 
cross the 1 atm (760 torr) pressure line, we can find the nor- 
mal freezing and boiling points. For water (the blue lines), the 
freezing point is 0°C and the boiling point is 100°C. Notice that 
the solid—liquid line for the solution meets the 760 torr line at 
a temperature below 0°C. In other words, the freezing point of i 
the solution is below that of pure water. The amount by which a 1004 
the freezing point is lowered is called the freezing point depres- Temperature (°C) 
sion, and is given the symbol AT;. Similarly, we can see that the 
liquid—vapor line for the solution crosses the 760 torr line at a Depressions  eualioner the 

A : : the freezing point, boiling point, 
temperature above 100°C, so the solution boils at a higher tem- AT ATs. 
perature than pure water. The amount by which the boiling 
point is raised is called the boiling point elevation. It is given the Figure 8.21 Phase diagram for water and an 


Pressure (torr) 


a 
a 
oo 


Sooosocoasradperparcaasos! 


ge Sy, | Aa 


symbol AT,,. aqueous solution. 

Solved Example | 8-45 | 
The vapor pressure of pure benzene at a certain tempera- PAa-~P_. _ OM, 
ture is 640 mm Hg. A non-volatile non-electrolyte solid P. “n Ny +Np 


weighing 2.175 g is added to 39.0 g of benzene. The vapor ; 
pressure of the solution is 600 mm Hg. What is the molec- Here, p = 640 mm Hg and p = 600 mm Hg. Also, given 


ular weight of the solid substance? (IIT-JEE 1990) that w, = 2.175 g,w, = 39 g, M, =78 g mol". Therefore, 
Soluti 2.175 

slcieia 640-600. -M, eee 
According to Raoult’s law 640 175 3977 8B 4) § mo 


M, 78 


Solved Example | 8-46 | 


What weight of the non-volatile solute, urea Solution 
(NH,-CO-NH,) needs to be dissolved in 100 g of water, 
in order to decrease the vapor pressure of water by 25%? 
What will be the molality of the solution. (IIT-JEE 1993) 


The lowering of vapor pressure on addition of solute is 
given by 

p°-P w,/M, 
w,/M, +w,/M, 
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Here w, and M, are weight and molecular weight of Also given that M, = 60 g mol’, M, = 18 g mol", 
solute, w, and M, are weight and molecular weight of w, =100 g and w, = 111 g. Hence, molality is 

solvent. Also, p is the pressure of solution and p® is the 

normal (initial) vapor pressure. 75 3 Molality = Number of moles of solute x 100 
Therefore, pressure of solution = TiN pap Weight of solvent 


. = 18.52 molal7 


as vapor pressure decrease by 25%). 
(as vapor p y 


Elevation of Boiling Point 


The boiling point of a liquid is the temperature at which the liquid and vapor phases are in equilibrium with each other 
at a given pressure. At the boiling point, the vapor pressure of the liquid is equal to the applied pressure on the liquid. 
The boiling point at standard pressure (1 atm) is called the normal boiling point. 

Adding salt to water raises the boiling point of the solution. Raising the boiling point means that food cooks a 
little faster, depending how much salt is dissolved. A direct effect of the lowered vapor pressure of a solution is a higher 
boiling point than that of the solvent. Recall that the normal boiling point of water is 100°C, which is the temperature at 
which its vapor pressure is equal to 760 mm Hg. An aqueous solution, on the other hand, would not have a vapor pres- 
sure of 760 mm Hg at 100°C — it would be lower than 760 mm Hg. Thus, the solution would have to be heated above 
100°C for the vapor pressure to reach 760 mm Hg and begin to boil. Again, the more concentrated the solution, the 
lower the vapor pressure and the higher the boiling point (Fig. 8.18). The difference in the boiling point of a solution 
containing a non-volatile solute and the boiling point of the pure solvent is known as boiling-point elevation (AT,). 
It is given by the equation 


fod Sea Sey Oe 


where AT, is the number of celsius (or kelvin) degrees that the boiling point is raised, T, is the boiling point of the 
solution and 7, is the boiling point of pure solvent. Since boiling point elevation is a colligative property, its magnitude 
is proportional to the relative amount of solvent and solute. 


Relation with molality: Experiments have shown that boiling point elevation is directly proportional to the molal con- 
centration of the solute in a solution and is given by 


AT, = K,m (8.35) 


where K, is a constant characteristic of the solvent (for water K, = 0.512 molal is molality). Molality (77) is the pre- 
ferred concentration expression (rather than mole fraction or percent by mass) because of the resulting simplicity of 
the equations relating AT to concentration. This equation works reasonably well only for dilute solutions. The constant 
K,,is called boiling point elevation constant or Ebullioscopic constant. For example, K, for water is 0.512 K kg mol”, 
a 1 molal aqueous solution at 1 atm pressure boils at (373 + 0.51) K or 373.51 K, and a 2 molal solution should boil at 
374.02 K. Values of K, for some common solvents are given in Table 8.4. 


Table 8.4 Values of K, for some common solvents 


Boiling point of pure Boiling point elevation constant 

Solvent solvent (K) K, (K kg mol") 
Chloroform 334.4 3.63 

Benzene Bos) DES 

Carbon tetrachloride 350.0 5.03 

Acetone 329.1 0.86 

Cyclohexane B55yi 21) 

Ethanol SIL 1.20 

Diethyl ether 3078 P2908 

Water 373 Op 
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Determination of molar mass: The elevation in boiling point can be used to measure the molecular mass of an unknown 
solute present in the solution. If w, g is the amount of solute of molar mass M,, dissolved in mass w, g of the solvent 
of molar mass M,, then the molality of the solution is 


non w,/M, _ 1000xw, 
~ w,/1000 My, xw, 
Substituting this value of m in Eq. (8.35), we get 


K, x 1000 xw 
ApS ee ee 
Mz XW, 
or (8.36) 
1000 x w, x K, 
M, = —————. 
AT, XW, 


Thus molecular mass of the solute can be determined if we measure the boiling point elevation of a solution contain- 
ing known masses of solute and solvent. 


Note: Relation between K,, and enthalpy of vaporization. For dilute solutions, m — 0, so T, > T;. The limiting 
value of (07,/0m),,,_,) is K,, and depends upon the characteristics of the solvent. 


z -() _ REM 
am Jnnso 1000 AH,,, 


Mathematical Derivation of Boiling Point Elevation 


Figure 8.22 shows the plot for variation of vapor pressure with temperature of pure solvent, solution 1 and solution 2. 
At temperature 7), the vapor pressures of pure solvent, solution 1 and solution 2 are respectively, p,, p, and p,. 


Atmospheric pressure 


Vapor 
pressure 


> 
To 7, To Temperature 


Figure 8.22 Vapor pressure vs. temperature curve for pure solvent, solution 1 and solution 2. 


From similarly of triangles 


AC_ AE 
AB AD 
T, -T _P°-Pr 
ah, Pp 
AT, _ Ap, 
AT, Ap, 


From Raoult’s law 
PaTPa _ WwaM, 
Ps Mywa 
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where, pi, = vapor pressure of pure solvent 

Pa = Vapor pressure of solution 

w, = weight of solute, M, = mol. wt. of solute 
w, = weight of solvent, M, = mol. wt. of solvent 


Therefore, Px-Pa= WeM, i" 
Ma Wa 
Here, p. and M, are constant, so 
w 
Ap = Px- Py = 
Maw, 
AT « Ap 
Therefore, AT oa es 
BWa 
AT = K—“8 
B' Wa 


where K is the elevation constant. 


If we take, “8. = 1, that is, one mole of solute and w, = 1000 gram or 1 kg, then 


B 
Apo iw 
1000 
where K, is the molal elevation constant. Therefore, 
AT= 1000 Ky, -w, 
My Wa 


AT = molality x K, 


(ry) naran . vAlricenAiernn Ate 
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Solved Example | 8-47 | 


At what temperature will a 10% aqueous solution of 90 g H,O x 1 kg/1000 g = 0.090 kg H,O 
sugar (C,,H,,O,,) boil? [K,(H,O) = 0.52°C molal™ ; 
gat (CHO) [K(EL0) Hence, molality is m= De? 9 =O ao iol kg” 
ee 0.090 kg 
ae Now, elevation in boiling point is 
A 10% solution contains 10 g sugar and 90 g water. AT, = K, x m=0.52°C molal" x 0.32 molal = 0.16°C 
10 g C,,H,,O,, + 342 g mol = 0.029 mol C,,H,,0,, Therefore the boiling point = 100 + 0.16 = 100.16°C 


Solved Example [[:2.':: 


Nitrobenzene is formed as the major product along witha (Molal boiling point elevation constant of benzene is 


minor product in the reaction of benzene with a hot mix- 2.53 K kg mol") 
ture of nitric acid and sulphuric acid. The minor product 

consists of carbon; 42.86%, hydrogen: 2.40%, nitrogen: Solution 
16.67%, and oxygen: 38.07% (i) Calculate the empiri- 


(IIT-JEE 1999) 


cal formula of the minor product, (ii) When 5.5 g of the Relative no. of 

minor product is dissolved in 45 g of benzene, the boiling _E!ement % atoms Simple ratio 
point of the solution is 1.84°C higher than that of pure 42.86 Bey) 
benzene. Calculate the molar mass of the minor prod- © 42.86 ies 3.57 i= 


uct and determine its molecular and structural formula. 
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Relative no. of 


Element % atoms Simple ratio 

H 240 == 2.40 ee 
il iL) 

N 16.67 ou ILA) ees il 
14 i,t) 

O 3367 8 93g SB 
16 iLL) 


Therefore, empirical formula of the minor product is 
C,H,NO.. 

Molar empirical formula mass of the minor product = 
84 g mol’ (12x3+2x1+14+16x2) 

Let M be the molar mass of the minor product. For 
5.5 g of the minor product dissolved in 45 g benzene. 


5.5 g/M, 

0.045 kg 

elevation in boiling point is AT, = K,m=1.84 K. 
Therefore, 


The molality m of the solution 


5.5 g/M, 
0.045 kg 


1.84 =2.53x = M,, = 168 g mol" 


Now, empirical formula mass x 1 = molecular mass 
Number of unit of empirical (”) formula in molecular 


<1 
fonaiie oe 
84¢ mol 


Hence, the molecular formula of the minor prod- 
uct is 2 x C,H,NO, = C,H,(NO,),. So, the product is 
m-dinitrobenzene. 


Solved Example 8-49 | 


How many grams of glucose (molar mass 180.2 g mol") 
must be dissolved in 250 g of water to raise the boiling 
point to 102.36°C? [K, (H,O) =0.52°C molal”] 


Solution 


We know that AT, = K, x m = 0.52°C molal' x m = 
2.36°C = m= 4.54 molal 


To find the number of grams of glucose, first we need 
to find the number of moles of glucose. 

mol glucose = (m solution) x (kg solvent) 

mol glucose = (4.54 molal) x (0.250 kg H,O) = 


1.135 mol glucose 
g glucose = (1.135 mol glucose) 180.9 g glucose | _ 
1 mol glucose 


205.32 g glucose 


Solved Example | 8-50 | 


An aqueous solution of urea is found to boil at 100.52°C. 
Given K, for water is 0.52°C molal™, what is the mole 
fraction of urea in the solution? 


Solution 


Given that AT, = 0.52°C and K, = 0.52°C molal". 
Substituting these values in the expression, we get 


AT, = K, x Molality = 0.52 = 0.52 x m => m=1 molal 


The number of moles of urea or mole fraction (m x 
mol. wt.)/1000 = 1 x 18/1000 = 0.018 mol. 


Solved Example 8-511 | 


The molal boiling point constant for water is 
0.52°C kg mol’. When 0.1 mol of sugar is dissolved in 200 
g of water, the solution boils at what temperature? 


Solution 


According to elevation in boiling point, AT, = K, x m 
where m(molality) = 0.1/200 


AT, = 0.52x 24 = 0.26°C 
200 


ow, 
AT, =T, —T; = 0.26=T, —100 (100°C for water) 


Therefore, boiling point of the solution, 7, = 100 + 0.26 
= 100.26°C 
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Depression in Freezing Point 


The freezing point of a liquid is the temperature at which a liquid of specific composition turns into a solid. At this 
temperature, the liquid and solid phases of a substance of specified composition are in equilibrium at atmospheric pres- 
sure. In countries experiencing extreme cold conditions, the icy, cold winds of winter can be very hard on automobiles. 
If there is not enough antifreeze in the radiator, the coolant water may freeze. This could ruin the radiator and even 
crack the engine block, because water expands when it freezes. Similarly, when we spread salt on ice-covered streets or 
sidewalks. In both of these cases, we take advantage of the fact that solutions have lower freezing points than pure sol- 
vents. Just as the boiling point of a solution is higher than that of the pure solvent, the freezing point is lower (see Fig. 8.21). 

The difference in the freezing point of a solution containing a non-volatile solute and the freezing point of the 
pure solvent is known as freezing point depression (AT,) is given by the equation 


AT, =T? -T, 


where AT; the number of Celsius (or Kelvin) degrees that the freezing point is depressed, 7; is the freezing point of 
the solution and 7? is the freezing point of pure solvent. Since freezing point depression is a colligative property, its 
magnitude is proportional to the relative amount of solvent and solute. 


Relation with molality: Experiments have shown that freezing point depression is directly proportional to the molal 
concentration of the solute in a solution and given by 


AT, = K,m (8.37) 


where K, is constant characteristic of the solvent and m is molality. This equation holds good only for dilute solutions. 
The constant K; is called freezing point depression constant or cryoscopic constant. Thus, the value of K, for a given 
solvent corresponds to the number of degrees of freezing point lowering for each molal unit of concentration. The K, 
for water is 1.86 K molal™. A 1 molal solution in water freezes at 1.86 K below the normal freezing point of 273 K, or at 
271.14 K. A 2 molal solution should freeze at 269.28 K. Values of K, for some common solvents are given in Table 8.5. 


Note: The values of both K; and K,, are characteristic of each solvent. The units of constants K,and K, are K kg mo! 
or °C (molal)". 


Table 8.5 Values of K; for some common solvents 


Freezing point of Freezing point depression constant 

Solvent pure solvent (K) K, (K kg mol’) 
Chloroform 209.6 4.79 

Benzene 278.5 Soll 

Carbon tetrachloride 250.5 31.8 

Water PO) 1.86 

Camphor 451.0 48.5 

Ethanol 1S5),7/ 1.86 

Diethyl ether 156.9 il) 

Water PBN) 1.86 


Determination of molar mass: The depression in freezing point can be used to measure the molecular mass of an 
unknown solute present in the solution. If w, grams is the amount of solute of molar mass M,, dissolved in mass w, 
grams of the solvent of molar mass M,, then the molality of the solution is 


ae w,/M, _ 1000xw, 
~ w,/1000 My, xw, 


Substituting this value of m in Eq. (8.37), we get 
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AT, = K, x 1000 x w, 
M, Xw, 
or (8.38) 
ie 1000 x w, x K; 
AT; XWa 


Thus molecular mass of the solute can be determined if we measure the freezing point depression of a solution con- 
taining known masses of solute and solvent. 


Note: Relation between K, and enthalpy of fusion: For dilute solutions, m — 0, so T; > T;. The limiting value of 
(0T;/om),, 9 is K, and depends upon the characteristics of the solvent. 


x,=(2) _ RT? M, 
‘(am ),, 9 1000x AH 


fusion 


Mathematical Derivation of Freezing Point Depression 


Figure 8.23 shows the plot for variation of vapor pressure with temperature of pure solvent, solution 1 and solution 2. 
At temperature 7), the vapor pressures of pure solvent solution 1 and solution 2 are respectively, p,, p, and p,. 


B Solvent 


Po 


Vapor ! 
pressure C: : [E 


Figure 8.23 


Similar to derivation of elevation of boiling point, we have from similarity of triangles 


EC BE 
DF BD 
Q-T, _P°-P, 
1-T, p°-p, 
AT, _ AD, 
AT, Ap, 
AT «x Ap 


Px-Pa _ w,M, 
Pa M,W,a 


BP _ waM ° 
Pa Pa (saa lp, 


Ape AT « —"8 


BWa 


Wa 


AT=K 


B Wa 
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where K is the depression constant. 


If we take “8B = 4 (1 mole of solute), w, = 1000 grams. 
B 


Therefore, AT = —— = K, 
1000 


Here K, is the molal depression constant. 
Wp 


AT =1000 K, 


B Wa 


AT = Molality x K; 


Solved Example | 8-52 | 


What inference can be made from the depression of the freezing point, only solvent freezes in a solution, while 
freezing point experiment? (IIT-JEE 1999) _ the solute does not. 


Solution (a) The vapor pressure of the solution is less than that of 
pure solvent 

According to Raoult’s law, when a non-volatile solute is 

added to a pure solvent to form a solution vapor pressure 


of solution decreased compared to that of a solution. At 


Solved Example | 8-53 | 


Estimate the freezing point of a solution made from 10.0g So the molality is given by 

of urea, CO(NH,), (molar mass 60.06 g mol’), and 125 g 

of water. (K,= 1.86°C molal') Molarity = 0.166 mol _ 133m 
0.125 kg 


(b) Only solvent molecules solidify at the freezing 
point 


Soluti 
aia Now, K; for water is 1.86°C molal™. Substituting the val- 


We know that AT; = K,m. The number of moles of urea _ ues, we get 


dissolved in 125 g or 0.125 kg of water is 
AT, = K,m= (1.86°C m™)(1.33m) = 2.47°C 


1 mol CO(NH, ), 
Deena 60.06 g CO(NH, ), Hence, the solution should freeze at 2.47°C below 0°C, or 
= 0.166 mol CO(NH,), at —2.47°C. 


Solved Example | 8-54 | 


A 10.0 g quantity of a compound is dissolved in 100 g of Therefore, the depression in freezing point is 
water. The solution formed has a melting point of —714°C. 
0.128 mol 


Is the compound KCl, Na,S, or CaCl,? AT, = 1.86 x — x3 mol ions/mol Na,$ = 7.14°C 
g 


Solution a ; 
which is same as the one given in the question, so the 


Let the compound be Na,S. The number of moles of compound is Na,S. 
Na;,S is 


1 mol Na,S 


2Na‘S?-) 10.0 g Na,Sx oe 
( )10.0 g NaSx70 05 eNa,S 


= 0.128 mol Na,S 
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Solved Example 8-55 | 


A solution made by dissolving 5.65 g¢ of an unknown 
molecular compound in 110.0g of benzene froze at 
4.39°C. What is the molar mass of the solute? 


Solution 


We can use the value of AT, (the difference between 
the freezing point of pure benzene and that of the 
solution) along with the value of K, for benzene from 
Table 8.5 to calculate the molality of the solution. This 
gives the ratio of moles of solute to kilograms of ben- 
zene, which we can then use as a conversion factor to 
calculate the number of moles dissolved in the 110.0 g 
of benzene. 

The freezing point of benzene is 278.5 K and that the 
value of K, for benzene is 5.12 K kg mol”. The amount of 
freezing point depression is 


AT, = 278.5 K— 277.39 K = 1.01K 


We now use AT,= K, to find the molality of the solution. 


AT, —-1.01K 
K, 512Kkgmol™ 


= 0.197 mol kg"! 


This means that for every kilogram of benzene in the 
solution, there are 0.197 mol of solute. But we have only 
110.0 g or 0.1100 kg of benzene. So the actual number of 
moles of solute in the given solution is found by 


0.197 mol solute 


0.1100 kg benzene x 
1 kg benzene 


= 0.0217 mol solute 


We can now obtain the molar mass. There are 5.65g of 
solute per 0.0217 mol of solute: 


5.65 g 


0.0217 mol = 260.36 gz mol? 


The mass of one mole of the solute is 260.36 g. That is, 
molar mass of the solute = 260.36 g mol". 


Solved Example | 8-56 | 


A solution made by dissolving 3.46 g of an unknown com- 
pound in 85.0g of benzene froze at 4.13°C. What is the 
molar mass of the compound? (K; = 1.86°C molal “') 


Solution 


It is first necessary to obtain the values of the freezing 
point of pure benzene and the value of K, for benzene 
from Table 8.5 of the text. We proceed to determine the 
number of moles of solute that are present and that have 
caused this depression in the freezing point: AT = K,m. 
Therefore, 


7 au = cae = 0.260 molal 
K, 5.07 


Next, use this molality to determine the number of moles 
of solute that must be present: 

0.260 mol solute/kg solvent x 0.0850 kg solvent = 
0.0221 mol solute 

Last, determine the formula mass of the solute: 
3.46 g/0.0221 mol = 157 g mol’. 


Solved Example | 8-57 | 


A mixture is prepared that is 5.0% (w/w) of an unknown 
substance mixed with naphthalene (molar mass 
128.2 g mol"). The freezing point of the mixture is found 
to be 773°C. What is the molar mass of the unknown 
substance? (The melting point of naphthalene is 80.2°C 
and K,=6.9°C molal.) 


Solution 


To find the molar mass of the substance, first, we need to 
find the molality of the solution from the freezing point 
depression, and then using the 5.0% (w/w) amount, deter- 
mine the moles of the solute. 


_ AT _ 80.2-773 
K, 6.9 


= 0.42 molal 


Assume there is 100 g of solution: 


5.0% (w/w) means 


5 g unknown substance 


5 g unknown substance+ 95 g naphthalene 


We have 95 g of naphthalene or 0.095 kg naphthalene and 
5 g of the unknown. 


https://telegram.me/unacademyplusdiscounts 


volusdiscounts 
iid JIMOUIOY VULILS 


Chapter 8 | Solutions 


Using the equation for molality, we can determine 5.0 g unknown 
the number of moles of the unknown Hence, molar mass = 
mol unknown =(msolution)(kg solvent) = (0.420 mol kg"') 

(0.095 kg naphthalene) = 0.0399 mol unknown 


= 125 g mol" 


0.0399 mol unknown 


Osmotic Pressure 


In living things, membranes of various kinds keep mixtures and solutions organized and separated. These membranes must 
have a selective permeability. They must keep some substances from going through while letting others pass. Such mem- 
branes are said to be semipermeable. The degree of permeability varies with the kind of membrane. Cellophane, for exam- 
ple, is permeable to water and small solute particles — ions or molecules — but impermeable to very large molecules, like 
those of starch or proteins. Special membranes can even be prepared that are permeable only to water, not to any solutes. 

Depending on the kind of membrane separating solutions of different concentration, two similar phenomena, 
dialysis and osmosis, can be observed. Both are functions of the relative populations of the particles of the dissolved 
materials, so they are colligative properties. 


1. When a membrane is able to let both water and small Semipermeable membrane 
solute particles through, such as the membranes in living | e 
systems, the process is called dialysis, and the membrane is LA se 
called a dialyzing membrane. It does not permit huge mol- 
ecules through, like those of proteins and starch. Artificial 2a : rT) 
kidney machines use dialyzing membranes to help remove a e _ 
the smaller molecules of wastes from the blood while let- » @& : os r 
ting the blood retain its large protein molecules. » e 

2. When a semipermeable membrane will let only sol- % 1 
vent molecules get through, this movement is called a 1% a 2 
osmosis, and the special membrane needed to observe Concentrated solution « * 
it is called an osmotic membrane Figure. 8.24. Dilute solution 


= = Solute particle 


Osmosis is the tendency for a solvent to move through a thin 
porous membrane from a dilute solution to a more concen- 
trated solution. The membrane is said to be semipermeable, 
which means that small solvent molecules can pass through 
but large hydrated solute species cannot. Figure. 8.25 illustrates osmosis. 


Figure 8.24 Semipermeable membrane. 


At first At equilibrium 


Osmotic { ~ 
pressure 


Solvent 


Solution 


© Solvent 


@ Solute 
particles 


Semipermeable 
membrane 


(a) (b) 


Figure 8.25 Osmotic pressure: (a) Beginning of movement of solvent molecules. 
(b) After the equilibrium is established and the osmotic pressure is final. 


On the right is a pure solvent and on the left, a solution. The two are separated by a semipermeable membrane. 
Solvent molecules can pass through the membrane in both directions, but the rate at which they diffuse to the right 
is lower because some of the water molecules on the left are held back by solute-solvent interactions. As a result of 
the uneven passage of water molecules, the water level rises on the left and drops on the right. This creates increased 
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pressure on the left, which eventually counteracts the osmosis, and equilibrium is established. The extra pressure 
required to establish this equilibrium is known as the osmotic pressure. 

The osmotic pressure of a solution can be measured by determining the amount of counter pressure needed to 
prevent osmosis; this pressure can be very large. The difference between the applied pressure and atmospheric pres- 
sure is the osmotic pressure. On one side of the tube, there is osmotic pressure and on the left there are atmospheric + 
osmotic pressures. When pressure greater than the osmotic pressure is applied to a system, the flow of water can be 
reversed from that of osmosis. This process can be used to obtain useful drinking water from seawater and is known 
as reverse osmosis. Osmotic pressure is a colligative property and is dependent only on the concentration of the solute 
particles and is independent of their nature. 

We observe an effect similar to osmosis if two solutions with unequal 
concentrations of a non-volatile solute are placed in a sealed container © 


(Fig. 8.26). The rate of evaporation from the more dilute solution is greater (7 ~» 
than that of the more concentrated solution, but the rate of return to each is Ul Ul 

the same because both solutions are in contact with the same gas phase. As a 

result, neither solution is in equilibrium with the vapor. In the dilute solution, M11 Net 11 
molecules of solvent are evaporating faster than they are condensing. But transfer 

; ae: : ; a Pa 

in the concentrated solution, just the opposite occurs; more water molecules : Sawant : 
return to the solution than leave it. Therefore, over time there is a gradual net 

transfer of solvent from the dilute solution to the more concentrated one until 


they both achieve the same concentration. Because the two solutions have 
unequal vapor pressures, there is a gradual net transfer of solvent from the 
more dilute solution into the more concentrated solution. 

The symbol for osmotic pressure is the Greek capital pi, IT. In a dilute 
aqueous solution, IT is proportional both to temperature, 7, and molar con- 
centration of the solute in the solution, C: 


Figure 8.26 Principles at work in 
osmosis. 


Ilx<CT 


The proportionality constant turns out to be the gas constant, R, so for a dilute aqueous solution we can write 


T1=CRT (8.39) 


Of course, C is the ratio mol/L, which we can write as n/V, where n is the number of moles and V is the volume in lit- 
ers. If we replace C with n/V in Eq. (8.39), and rearrange terms, we have an equation for osmotic pressure identical in 
form to the ideal gas law. 


IV =nRT (8.40) 


Equation (8.40) is the van’t Hoff equation for osmotic pressure. Capillary 


Osmotic pressures can be measured by an instrument called an osmometer, illustrated f 
and explained in Fig. 8.27 Osmotic pressures can be very high, even in dilute solutions. For Pia is 
example, the osmotic pressure of a solution containing 1 mol of solute particles in 1 kg of proportonal 
water is about 22.4 atm, which is about the same as the pressure exerted by 1 mol of a gas to Il. 


confined in a volume of 1 L at 0°C. 
When solvent moves into the solution by osmosis, the level of the solution in the capil- 


lary rises. The height reached can be related to the osmotic pressure of the solution. Like Solvent 
other colligative properties, osmotic pressure can also be used to determine the molar Osmotic 
mass of solute in the solvent. The osmotic pressure is given by membrane 
Solution 
Il=CRT 


Expressing molarity in terms of mole per liter, we have 


Figure 8.27 Simple 


_ 
l= yt osmometer. 
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where n,, is the number of moles of solute and V is the volume of the solution. If w, grams of solute of molar mass M, 
is dissolved in V liters of solution, the equation can be written as 


m= wel 
or z (8.41) 
_ We RT 
o> hile Vs 


Thus mass of an unknown solute in the solution can be calculated for a solution of known concentration, by measuring 
the osmotic pressure. 


Note: Osmotic pressure is preferred for determination of molar mass because even a small concentration of solute 
produces a relatively large osmotic pressure, which can be measured precisely. 


Use of Osmotic Pressure in Medicine and Biology 


Osmotic pressure is of tremendous importance in biology and medicine. The measurement of osmotic pressure can 
be very important in preparing solutions that will be used to culture tissues or to administer medicines intravenously. 
The concentration of solutes in the blood and other bodily fluids is important in the hydration and health of cells in 
our bodies. Cells are surrounded with membranes that restrict the flow of salts but allow water to pass through freely. 
To maintain a constant amount of water, the osmotic pressure of solutions on either side of the cell membrane must 
be identical. 


1. Isotonic solutions: When the concentration of ions and other solutes in the blood or plasma is the same as that 
inside of a cell, the solution is said to be isotonic. In this case, there is no net movement of water into or out of the 
cell. For example, a solution that is 0.9% (w/V) NaCl has the same osmotic pressure as the contents of red blood 
cells, and red blood cells bathed in this solution can maintain their normal water content. The solution is said to be 
isotonic with red blood cells. Blood plasma is an isotonic solution. Intravenous solutions, such as a glucose drip or 
injections in a saline solution, are isotonic with the blood so as not to dilute or concentrate the solution of the cells. 


2. Hypertonic solutions: If the concentration of solutes in the solutions around the cells is greater in the blood than 
in the cell, water moves out of the cell, shrinkage and dehydration occurs. The solution is called hypertonic. This 
process kills freshwater fish and plants that are washed out to sea. 


3. Hypotonic solutions: If the concentration of solutes in the solutions around the cells is lower in the blood than 
in the cell, water moves into the cell and expands it. In either case, destruction of the cells may occur in extreme 
cases. A cell placed in distilled water, for example, will swell and burst. If a pair of contact lenses is rinsed with tap 
water instead of an isotonic saline solution, the cell damage occurs from a hypotonic solution. 


The effects of isotonic, hypotonic, and hypertonic solutions on cells are shown in Fig. 8.28. 


(a) In an isotonic solution (0.85% NaCl by mass), solutions on either side of the membrane have the same osmotic 
pressure, and there is no net flow of water across the cell membrane. 


08 oo Perce ; 
POUR Ca es 
@0®% e608 o@ Set 4 8s $528 Po 8s 


@ b-Aod By bat & hy e & 
'~@ =’ aa® se = So 35 Be oe ee 
(a (b) 


Figure 8.28 Effects of isotonic, hypertonic, and hypotonic solutions on red blood cells. 
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(b) In this hypertonic solution (5.0% NaCl by mass), water flows from areas of lower salt concentration (inside the 
cell) to higher concentration (the hypertonic solution), causing the cell to dehydrate. 


(c) In this hypotonic solution (0.1% NaCl by mass), water flows from areas of lower salt concentration (the hypotonic 
solution) to higher concentration (inside the cell). The cells swell and burst. 


The occurrence of osmosis can explain many natural phenomena and find many applications in everyday life. Some 
of them are discussed as follows: 


1. People with high blood pressure are advised to have lesser intake of salt in their food. This is because the body flu- 
ids also contain Na* and CI ions and higher intake of these would cause higher osmotic pressure. Also, it results in 
greater inflow of water in the cells and causes water retention in tissue cells and intercellular spaces. These results 
in swelling or puffiness, condition medically referred to as edema. 


2. Gargling with salt water in advised in case of a sore throat. This is because by use of hypertonic salt solution, the 
extra water accumulated in the store throat comes out with the saline water through osmosis. 


3. Meats are preserved in salt and fruits are preserved in sugar syrup to avoid bacterial infection. The cells of bacte- 
ria loose water by osmosis to the hypertonic solution and eventually die. 


4. The pickled vegetables appear shriveled because they lose water to the hypertonic medium in which they are 
preserved. 


5. Water is taken up by plants from the soil by osmotic action. 


Reverse Osmosis and Water Purification 


In reverse osmosis, the direction of normal osmotic flow of water across the membrane is reversed by applying pres- 
sure to the compartment with high concentration. Then, the solvent flows from the compartment containing a higher 
concentration of the solute to that having a lower concentration and this results in concentration of the solute in one 
and dilution in the other. This technique is extensively 
used in desalination of water. It is particularly used for 
making seawater fit for drinking, particularly on ships. 

A schematic representation of reverse osmosis of sea- 
water is shown in Fig. 8.29. When pressure higher than the 
osmotic pressure is applied to the compartment contain- 
ing sea water, reverse osmosis of saline water causes water 
in a Salt solution to move through a semipermeable mem- 


Reverse osmosis 


Pressure membrane 


Water 


brane to the freshwater side. The pure water obtained 
contains minimum dissolved salts as impurities. Since the 
pressure required to be applied is fairly large, the semiper- 
meable membrane selected should be able to withstand 
that. A variety of polymer membranes such as those made 
out of cellulose acetate are used for this purpose. 


Dissolved salts 


— 


Water flow 


Figure 8.29 Schematic representation of desalination 
by reverse osmosis. 


Solved Example | 8-58 | 


A very dilute solution, 0.00100 M sugar in water, is sepa- 
rated from pure water by an osmotic membrane. What 
osmotic pressure in torr develops at 25°C? 


Solution 


Substituting into II = CRT, and making sure to use the 
temperature in kelvins so the units cancel correctly, we get 
Il=CRT 
= (0.00100 mol L')(0.0821 L atm mol 'K™)(298 K) 
= 0.0245 atm 


In torr we have 


760 torr 
latm 


II = 0.0245 atm x = 18.6 torr 


The osmotic pressure of 0.00100 M sugar in water is 
18.6 torr. 
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Solved Example | 8-59 | 


_ AT, _273-272.63 _ 0.37 


Blood freezes at 272.44 K and a solution of 3.0 g of urea K, = 1.85 K molal"' 

in 250 g of water freezes at 272.63 K. Calculate osmotic ds 0.2 0.2 

pressure of blood at 310 K. (Assume density of blood at Now, we determine the molality of blood by using: 

310 K to be 1 gcem™.) AT, = Kym > 273-272.44 = 1.85xm 
01.56 

Solution >m= ego 0.303 molal 


In this question, we first calculate molality of urea Colligative properties are defined for dilute solutions by 
solution. assuming molarity = molality. 


_ 3/60 _ Therefore, molality = molarity = 0.303. Now, using 
aaa molal II = CRT, we get 
Therefore, K, of water from urea solution is TI = 0.303 x 0.0821 x 310 = 7.7 atm 


Solved Example | 8-60 


What is the osmotic pressure, in mm Hg and mm of water, Now, R=0.0821 L atm K"™ mol’, T= 4.0 + 273.2 = 2772 K. 
of a protein solution when 5.00 g of the protein (molar Substituting, we get 

mass 230,000 g mol") is used to prepare 100.0 mL of an TI = (2.17 x 10% M solution)(0.0821 L atm K™ mol") 
aqueous solution at 4.0°C? (The height of acolumn ofliq- (277.2 K) = 4.95 x 10° atm 


uid supported by any pressure is inversely proportional to 4 760 mm Hg 
the density of the liquid. The equivalence to use is 1 torr mm Hg = 4.94 x 10™ atm ae ras 3.76 mm Hg 
= 13.6 mm H,O). 

man Oe eanin rip | EO | i nn 
Solution 1 mm Hg 


Using the equation II= CRT, we get 
G versie) 1 mol prot 
230 000 g protein 
0.1000 L solution 
= 2.17 x 10“*M solution 


Solved Example 8-61 


C= 


An aqueous solution of glucose (C,H,,O,) has an osmotic latm )_ 4 4 
pressure of 42.5 torr at 25°C. How many grams of glucose ao) TOR 760 torr) (€)(0.0821 L atm K™ mol”)(298 K) 
are in 125 mL of this solution? 5» C=2.29x 103M 
. 3 
so en (28H met 
We can use the equation I] = CRT: i a a 
= 0.0516 g C,H,,0, 


Solved Example | 8-62 | 


An aqueous solution with a volume of 100 mL and con- Solution 
taining 0.122 g of an unknown molecular compound has 
an osmotic pressure of 16.0 torr at 21.0°C. What is the 
molar mass of the solute? 


First, the solution’s molarity, M, is calculated using the 
osmotic pressure. The osmotic pressure in atm is 
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1atm Thus, 0.122 g of solute is present in 100 mL or 0.100 L of 
T= 16.0 torr x = 0.0211 atm solution, not in a whole liter. So the number of moles of 
760 torr 
solute corresponding to 0.122 g is found by 
The temperature, 20.1°C, corresponds to 294 K (273 +21). = 8.74x107 mol 
Using the relation II = CRT, we get Moles of solute = 0.100 L soln x Wainy 
= 8.74x 10° mol 
0.0211 atm = (C)(0.0821 L atm mol K~')(294 K) The molar mass of the solute is the number of grams of 
= C=8.74x10~ mol I? solute per mole of solute: 


0.122 g 
8.74x10> mol 


Solved Example | 8-63 | 


Estimate the molecular mass of a protein when 0.137 gof and R = 0.0821 L atm mol K"™, T= 277 K. Substituting 
the protein, dissolved in 100.0 mL of water at 4°C, sup- _ the values, we get molarity as 
ports a column of water that is 6.45 cm high. The density 


Molar mass = =1.40x 10° g mol™ 


of mercury is 13.6 g mL" Gals (6.24 x 10 atm) 
RT (0.0821 L atm mol“K~) x(277 K) 
anion =2.74x10mol L" 


We know that II = CRT. The value of IT in atm is 
The number of moles of protein = (2.74 x 10° mol L") 


-1 0.1000 L) = 2.74 x 10“ mol 
= 6.45 cm water £0 H20 )( 1.00 g 7 ( ) 
1comH,O /)\ 13.6 gmL 
2 0.137 g 
1 stn Therefore, molar mass = = 
x 760 mma He = 6.24 x 10° atm 2.74 x 10 mol 
ee = 4.99 x 10‘ g mol! 


8.12 | ABNORMAL MOLAR MASSES AND VAN’T HOFF FACTOR 


When an ionic compound is dissolved as a solute in a solvent (water), it dissociates in ions. For example, potassium 
chloride dissociates to give K*(aq) and Cl (aq)ions 


KCl(s) + water > K* (aq) + Cl (aq) 


(a) If KCl were completely dissociated in water, the K* and Cl ions would be totally independent. 


(b) Interionic attractions cause some ions to group together as ion pairs, which reduces the total number of independ- 
ent particles in the solution. 


Thus, the number of particles in solution is greater than the number of particles added in the solid state. Since colliga- 
tive properties depend only on the number of particles in solution and not on their nature, the observed colligative 
property of the solution is greater than that predicted on the basis of Raoult’s law or ideal behavior. Thus the elevation 
in boiling point of the solution would be twice that of expected from addition of one mole of KCl and the molar mass 
determined would be half of the expected value. Thus, in case of a solute that dissociates in the solution, the experi- 
mentally determined molar mass is always lower than the actual value. 


Note: As solutions of electrolytes are made more and more dilute, the observed and calculated freezing points 
come closer and closer together. At greater dilutions, the association (coming together) of ions is less a complica- 
tion because the ions can be farther apart. So the solutes behave increasingly as if they were 100% separated into 
their ions at ever higher dilutions. 
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On the other hand, when a solute undergoes association on dissolving in a solvent, the number of particles of solute is 
reduced. Asa result, the experimentally determined colligative property is lower than that expected from Raoult’s law 
and ideal behavior. For example, the experimentally determined values of colligative properties of solution of acetic 
acid in benzene are lower than those calculated theoretically. This is because the molecules of acetic acid aggregate in 
benzene by hydrogen bonding to form dimers. 


O-H-O 
2CH,COOH ===. H,C—C C—CH, 
Monomer O---H— Oo” 
Dimer 


Similarly, benzoic acid also dimerizes in benzene. The molecules are held together by hydrogen bonds, indicated by 
the dotted lines in the following. 


fe) O---H—O 


I Y % 
2C,H;—C—O—H C.H;— C C—C,H; 
% Yi 
O—H---O 
Benzoic acid Benzoic acid dimer 


If we presume that all the molecules of acetic or benzoic acid are associated in the solution, then the lowering in freez- 
ing point would be half of the expected value and the molar mass determined would be twice the expected value. Thus 
in case of association of solute particles, the molar mass determined experimentally is always higher than the actual 
value. These values of molar mass that are higher or lower than the true value are known as abnormal molar mass. 

The extent of dissociation or association of a solute in solution is expressed in terms of van’t Hoff factor i. It is 
defined as the ratio of experimentally determined value of colligative property to the calculated value of colligative 
property based on the theoretical relations (Raoult’s law and ideal behavior). 


ae Observed value of colligative property (8.42) 
~ Calculated value of colligtive property ; 


In terms of association/dissociation of solute particles, it can be expressed as 


. Number of moles of solute after association/dissocaition 
fe 
Number of moles of solute before dissolution 


In terms of molar mass obtained from colligative properties and the actual mass, it can be expressed as 


Normal molar mass 


Abnormal molar mass 


We can conclude the following for the van’t Hoff factor: 


1. When the solute does not associate or dissociate in the solution, the value of van’t Hoff factor i= 1. In this case, the 
observed and calculated colligative properties are the same. The values of molar mass determined by colligative 
properties is the same as the normal mass. 

2. When the solute undergoes dissociation in solution, i > 1. The observed values of colligative properties are 
more than the calculated values and the formula mass is Jess than that obtained by measurement of colligative 
properties. 

3. When the solute undergoes association in solution, i < 1. The observed values of colligative properties are less 
than the calculated values and the formula mass is greater than that obtained by measurement of colligative 
properties. 


For solutes that associate or dissociate in solution, the equation of colligative properties needs to be modified to 
include the van’t Hoff factor. 
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Relative lowering of vapor pressure: 


Pa ny 
Elevation of boiling point: AT, =iK,m (8.43) 
Depression of freezing point: AT, =iK,m 
Osmotic pressure: Il= je JPOP 


V 


The hypothetical van’t Hoff factor, i, is 2 for NaCl, KCl and MgSO,, which break up into two ions on 100% dissocia- 
tion. For K,SO,, the theoretical value of i is 3 because one K,SO, unit gives three ions. The actual van’t Hoff factors 
for several electrolytes at different dilutions are given in Table 8.6. Notice that with decreasing concentration (i.e., at 
higher dilutions) the experimental van’t Hoff factors agree better with their corresponding hypothetical van’t Hoff 
factors. 

The increase in the percentage dissociation that comes with greater dilution is not the same for all salts. In going 
from concentrations of 0.1 to 0.001 molal, the increase in percentage dissociation of KCl, as measured by the change 
in i, is only about 7%. But for K,SO,, the increase for the same dilution is about 22%, a difference caused by the 
anion, SO;. It has twice the charge as the anion in KCI and so the SOf ion attracts K* more strongly than can CI. 
Hence, making an ion of 2— charge and an ion of 1+ charge farther apart by dilution has a greater effect on their acting 
independently than giving ions of 1— and 1+ charge more room. When both cation and anion are doubly charged, the 
improvement in percent dissociation with dilution is even greater. We can see from Table 8.6 that there is an almost 
50% increase in the value of i for MgSO, as we go from a 0.1 to a 0.001 molal solution. 


Table 8.6 van't Hoff factors vs. concentration 


van’'t Hoff factor, i 


Compound Molal concentration (mol,,,, kgwarc.) Value of i if 100% dissociation occurred 
Salt 0.1 0.01 0.001 - 

NaCl 1.87 1.94 (SY 2.00 

KCl 1.85 1.94 1.98 2.00 

K,SO, Desay 2.70 2.84 3.00 

MgsoO, 127i iLS8} 1.82 2.00 


Solved Example [[:2-7:! 


Following are equimolal aqueous solutions: 1 molal urea, 1 molal urea < 1 molal KCI < 1 molal MgCl, < 1 molal 
1 molal KCl, 1 molal MgCl, and 1 molal Na,PO,. Arrange Na,PO, 
them in increasing (a) boiling point, (b) freezing point, (b) 


: Freezing point of solution: From the expression AT; = 
(c) osmotic pressure, (d) vapor pressure. 


i K,m,we have that the greater the value of i, greater 
is the value of AT; but smaller is the freezing point of 


Solution solution. Therefore, the order is 

For dilute solutions, we assume molality = molarity. 1 molal Na,PO, < 1 molal MgCl, < 1 molal KCl > 

Now, i for urea, KC], MgCl, and Na,PO, are 0,2, 3 and 4, <1 molal urea 

respectively. (c) Osmotic pressure (II): From the expression IT = 

(a) Boiling point of solution: From the expression AT, = i CRT, we have that the greater the value of i, greater 
i K,m, we have that the greater the value of i, greater is the osmotic pressure of solution. Therefore, the 
is the value of AT, and boiling point of solution. order is 


Therefore, the order is 
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1 molal urea < 1 molal KCI < 1 molal MgCl, < 1 molal 
Na,PO,. 

(d) Vapor pressure of solution: From the expression Ap/ 
p° =ix, =i (n,/n, + Ng) = i(n,/n,), we have that the 
greater the value of i, greater is the value of Ap but 


smaller the vapor pressure of the solution. Therefore, 
the order is 

1 molal Na,PO, < 1 molal MgCl, < 1 molal KCI > 
<1 molal urea 


Solved Example 8-65 | 


Which of the following 0.1 M aqueous solution will have 
the lowest freezing point: potassium sulphate, sodium 
chloride, urea and glucose. (IIT-JEE 1989) 


Solution 


We know that AT, =ix K, xm. Since i value of K,SO, is 
highest (i = 3), so the depression freezing point is maxi- 
mum, and hence freezing point is minimum. 


Solved Example | 8-66 | 


The freezing point of equimolal aqueous solution will be 
highest for which solution and why? 

C,H,NH,Cl (aniline hydrochloride), Ca(NO,),, La(NO,),, 
C,H,,0, (glucose) (IIT-JEE 1990) 


Solution 


As 7 is greatest for glucose, hence from the expression 
AT, =ix K, Xm, the freezing point will be highest for 
C,H,,0, (glucose). 


Solved Example | 8-67 | 


0.2 molal acid HX is 20% ionized in solution. K,= 1.86K 
molal’ then calculate the freezing point of the solution. 
(IIT-JEE 1995) 


Solution 
The reaction involved is 
HX = H*+xX™ 


Initial moles 1 0 O 
Moles at equilibrium 1-0.2 0.2 0.2 


Total number of moles at equilibrium = 0.8 + 0.2 + 0.2 = 
12=i 
Therefore, depression in freezing point is 


AT, =ix K, xm=1.2X1.86 x0.2 = 0.45°C 
So, the freezing point, T; = 0 — 0.45 = -0.45°C. 


Solved Example | 8-68 | 


The molecular weight of benzoic acid in benzene as 
determined, by depression in freezing point method cor- 
responds to which property of benzoic acid? 

(IIT-JEE 1996) 


Solution 


Dimerization of benzoic acid takes place as follows in 
non-polar solvent: 


2C,H,COOH = (C,H;,COOH), 


Therefore, M,,, and M.,,, can be calculated and related. 
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Solved Example | 8-69 


Estimate the freezing point of aqueous 0.106 molal MgCL, 
assuming that it dissociates completely. 
Solution 
MgCl, is an ionic compound that dissociates in water as 
MgCl, (s) > Mg™* (aq) +2CI (aq) 
0 


Initial moles 1 0 
Moles at equilibrium 1-x x 2x 


Total number of moles at equilibrium = 1-a@+a+2a= 
1 + 2a. The van’t Hoff factor is (1 + 2a)/1. Now, assum- 
ing 100% dissociation, we get i= 1+ 2 = 3. Substituting 
in the equation AT, = iK,m, where K, for water is 1.86°C 
molal', we get 


AT, = 3x(1.86°C molal™)(0.106 molal)= 0.591°C 


The freezing point is depressed below 0.000°C by 0.591°C, 
so we calculate that this solution freezes at —0.591°C. 


Solved Example | 8-70 | 


Calculate the freezing point of aqueous 0.237 molal LiCl 
on the assumption that it is 100% dissociated. Calculate 
what its freezing point would be if the percent dissocia- 
tion were 0%. 


Solution 


For the solution as if the solute were 100% dissociated: 


AT, = (1.86°C molal™)(2 x 0.237 molal) = 0.882°C and 
the freezing point should be —0.882°C. 

For the solution as if the solute were 0% dissociated, 
we have 

AT, = (1.86°C molal™)(1 x 0.237 molal) = 0.441°C and 
the freezing point should be -0.441°C. 


Solved Example | 8-711 | 


Determine the freezing point depression of aqueous 
solutions of MgSO, that are (a) 0.1 molal, (b) 0.01 molal 
and (c) 0.001 molal. Which of these could be measured 
with a laboratory thermometer that has markings at 1°C 
intervals? 


Solution 


We use the freezing point depression equation: AT; = K,m. 
Remember that there are two moles of ions for each mole 
of MgSO,, The K, water = 1.86°C molal" 


(a) For 0.1 molal MgSO,, m= 0.2 molal. Therefore, AT, = 
(1.86°C molal')(0.2 molal) = 0.372°C. 


(b) For 0.01 molal MgSO,, m = 0.02 molal. Therefore, 
AT, = (1.86°C molal)(0.02 molal) = 0.0372°C. 


(c) For 0.001 molal MgSO,, m = 0.002 molal. Therefore, 
AT, = (1.86°C molal”')(0.002 molal) = 0.00372°C. 


The first freezing point depression could be measured 
using a laboratory thermometer that can measure 0.1°C 
increments. 


Solved Example | 8-72 | 


1.22 g of benzoic acid is dissolved in 100g of acetone and 
100g of benzene separately. Boiling point of the solution 
in acetone increases by 0.17°C, while that in the ben- 
zene increases by 0.13°C; K, for acetone and benzene is 
1.7 K kg mol" and 2.6 K kg mol”, Find molecular weight 
of benzoic acid in two cases and justify your answer. 
(IIT-JEE 2004) 


Solution 


Given that 1 kg acetone (K,= 1.7 K kg mol’), 1 kg ben- 
zene (K,=2.6A Kkg mol’), Wyenroic= 1-22 8, Wacetone = 1008, 
= 100g, AT, = 0.17°C and AT, = 


Woenzene b(benzene) 


0.13°C. 


(acetone) 
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We use the expression 
AT, = 1000K,, x wa 
w, XM, 
Whee Wp = Wrenvoic = 1-22 g, M, is molecular weight of ben- 


zoic acid and w, = w OT Wrenvenee Hence, substituting 
the values, we get 


acetone 


_ 1000 x1.7x1.22 


For acetone solution: M, = 017x100 - 122 g mol" 
17x 


1000 x 2.6 x 1.22 
0.13 x 100 


Molecular weight of C,H;COOH is 122 and thus it is 
evident that benzoic acid remains as normal molecular 
species in acetone but shows 100% dimerization in C,H,, 
that is, in C,H, it exists as (C,H,;COOH),. 


For benzene solution: M, = = 2449 mol" 


Solved Example | 8-73 | 


The degree of dissociation of Ca(NO,), in a dilute aque- 
ous solution, containing 70 g of the salt per 100 g water 
at 100°C is 70%. If the vapor pressure of water at 100°C 
is 760 mm Hg, calculate vapor pressure of the solution. 

(IIT-JEE 1991) 


Solution 


The reaction involved is 


Ca(NO,), = Ca** +2NO 
Initial moles 1 0 0 
Moles at equilibrium 1-@ a 2a 


Total number of moles at equilibrium = 1 -a@+a+2a 
=>i=1+2a@=1+2(0.7) =24 


According to Raoult’s law, 


Dp “Psy _ Ny (1) 


Dp ny +My 

Given that p° = 760 mm Hg, n, = w,/M, = 7/164, ng = 
w,/M, = 100/18. However, due to abnormal molar mass, 
the molar mass calculated for Ca(NO,), is 


Mons. 1+2a@ => M.,,. = aie 68.33 g mol! 
2.4 
Therefore, n, = w,/M, = 7/68.33. Substituting values in 


Eq. (1), we get 


calc 


Pi Pe — 2594 
P.  68.33x100 
or DP, = elie 746.26mm Hg 
1.0184 


Solved Example | 8-74 | 


Calculate the density of glycol solution whose 5.8 L on 
addition to 10 L of water produces a solution which pro- 
tects automobile radiator down to —20°C. Calculate the 
temp at which this solution boils. (K, and K; for water = 
1.86 and 0.52°C molal", respectively). 


Solution 


We know that mass of glycol = density x volume = p x 5.8. 
Therefore, 


Moles of glycol = a (1) 


Therefore, AT, =iK, xm=1x1.86x Moles ot seo! (2) 


10 
From Eqs. (1) and (2), we get 
AT, =iK,xm= 1186x2228 x S 
Sas OE aoa 
10 62 
Therefore, AT, = dats x Uae 5.59°C 
62 10 


So, the new boiling point = 100 + 5.59 = 105.6°C. 


Solved Example | 8-75 | 


To 500 cm’ of water, 3 x 10° kg of acetic acid is added. If 
23% of acetic acid is dissociated, what will be the depres- 
sion in freezing point? (K, and density of water are 1.86 K 
kg mol" and 0.997 g cm™, respectively.)  (IIT-JEE 2000) 


Solution 


The reaction involved is 


CH,COOH = CH,COO + H* 
Initial moles 1 0 0 
Moles at equilibrium 1-a@ a a 
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Total number of moles at equilibrium=1-a+a+a> 
i=14+@=1+0.23=1.23. 


8.12 | Abnormal Molar Masses and van’t Hoff Factor 


_ 1.23x1.86x3x 10% x 10° 
60 x 500 x 0.997 
10° 


Hence, AT, =iK,; xm 


= 0.229°C 


Solved Example | 8-76 | 


75.2 g of C,H;OH (phenol) is dissolved in a solvent of 
K, = 14°C molal”. If the depression in freezing point is 
7 K then find the percentage of phenol that dimerizes. 


(IIT-JEE 2006) 
Solution 
The reaction involved is 
2C,H,OH =(C,H,OH), 
Initial moles 1 0 
Moles at equilibrium 1-a@ al2 


Total number of moles at equilibrium = 1 - a+ a/2 > 
i=1-a/2 (association). 


Hence, AT, = K, xm, Xi> ti - 2 (1 <) 
14 94 2 
= a=0.75 


So, the percentage of phenol that dimerizes = 75%. 


Solved Example | 8-77 | 


Acetic acid associates in benzene to form a dimer, 1.65 g 
of acetic acid when dissolved in 100 g of benzene raised 
the boiling point by 0.36°C. Calculate the van’t Hoff fac- 
tor and degree of association of acetic acid. (K, for ben- 
zene = 2.57°C molal') 


Solution 


First, we calculate molecular mass from elevation in boil- 
ing point. 

1.65 
100 x 0.36 


w 
M,=K a 
® (<8 


= 117.8 g mol” 


x 1000 = 251{ x 1000 | 


Now, van’t Hoff factor can be calculated as 


. Calculated molecular mass __ 60 
117.8 


= 0.509 


Observed molecular mass 


The reaction involved is 


2CH,COOH =(CH,COOH), 
Initial moles 1 0 


Moles at equilibrium 1-a@ al2 


Total number of moles at equilibrium = 1 - a+ a/2 > 
i=(1-a/2)/1=1-a/2. 
Therefore, degree of association is 


1-a/2 


0.509 = >a =0.982 


So, the percentage of acetic acid that dimerizes = 98.2%. 


Solved Example | 8-78 | 


Calculate osmotic pressure of a solution containing 
0.01 mol of NaCl and 0.03 mol of glucose in 500 mL 
at 27°C. 
Solution 


The effective molarity is 


Ccttective = Inact (= 2) x Cyaci ot leinobie (= 1) x Cotucose 
ie 20 0.032 )- 4a 
500 / 1000 500 / 1000 


Therefore, the osmotic pressure is l= C RT =0.1x 


0.082 x 300 = 2.46 atm 


effective 
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Solved Example | 8-79 | 


1.0g of monobasic acid when dissolved in 100g of pure 
water lowers the freezing point by 0.168°C, 0.2¢ of the 
same acid when dissolved and titrated required 15.1mL 
of N/10 base. Determine the degree of dissociation of the 
acid. (K, of water is 1.86K molal”.) 


Solution 


Calculate the molecular mass (observed from colligative 
property) using the relation: 


W. 
Moovs) = Ke [ts x 1000 
A 1 


= 1.86] ————— x 1000 |= 110.6g mol" 
100 x 0.168 

Now, we calculate the actual molecular mass from neu- 

tralization experiment where mass equivalent of acid = 

mass equivalent of base. 


— =0.1X15.1=9 Moca) = 132.45g mol 


The van’t Hoff factor can be calculated as 


_ Moya) _ 132.45 


= =1.19 
Movs) 110.6 
The reaction involved is 
HA = H*+A™ 
Initial moles 1 0 0 


Moles at equilibrium 1-@ a@ a@ 


Total number of moles at equilibrium =1-a+a+a 
=>i=l+a. 

Therefore, the degree of dissociation is a = 1-—1.19= 
0.19 or 19%. 


Solved Example | 8-80 | 


The freezing point of an aqueous saturated solution of I, 
is —0.0024°C. More than this can dissolve in a KI solution 
because of the following equilibrium 


I,(aq)+T (aq) =15 (aq) 


0.1 M KI solution dissolves 12.5 g L™ of I,. Calculate 
the equilibrium constant K, for the above equilibrium. 
Also calculate the freezing point of the resulting solution. 
Assume molarity to be equal to molality and also assume 
that concentration of I in all saturated solutions is same. 
(K, of water is 1.86 K molal”.) 


Solution 
We know that AT; = K,m. Therefore, 


0.0024 
m=—— 


= 0.0013 mol kg* 
1.86 


or molarity = 0.0013 mol L™ (in case of solvent water 
molarity = molality). 


The reaction involved is 


L(aq) + TV (aq)= Lfaq) 
Initial moles 0.0492 0.1 0 
Moles at equilibrium 0.0492-—x 0O.1-x x 


Total number of moles at equilibrium 
= 0.0492 —x + 0.1 -—x+x=0.1492 — x. 

Now, 0.1492 — x = 0.0013 because of conc. of I, in all 
saturated solutions is same, so x = 0.0479. 

Hence, the equilibrium constant is 


xo] __ 0.0479 
© [LJ] 0.0013 x 0.0521 


The depression in freezing point becomes 


AT, = 1.86(0.0479 + 0.0013 + 0.0521 +0.1) = 0.3744 K 


Therefore, the freezing point of the resulting solution = 
272.6256 K. 


https://telegram.me/unacademyplusdiscounts 


lox 
(ed 


Telegram @unacademyplusdiscounts 


Solved Objective Questions from Previous Year Papers 


SOLVED OBJECTIVE QUESTIONS FROM PREVIOUS YEAR PAPERS 


1. During depression of freezing point in a solution the fol- Solution 
lowing are in equilibrium (IIT-JEE 2003) 3 _ 20.16 | 1000 
(A) liquid solvent, solid solvent. By Tare ere SS Noa 134.4 ” 1000 
(B) liquid solvent solid solute. 31.4496 


(C) liquid solute, solid solute. 
(D) liquid solute, solid solvent. 


Solution 


(A) On freezing a solution, only pure solvent freeze, out 
but the solute does not. 


. Negative deviation from ideal behavior is due to the 
fact that 
(A) there exist molecular interaction and pV/nRT > 1. 
(B) there exist molecular interactions and pV/nRT < 1. 
(C) atoms have finite size and pV/nRT > 1. 
(D) atoms have finite size and pV/nRT < 1. 

(IIT-JEE 2003) 


Solution 


(B) For positive deviation, pV =nRT + npb 
Thus, the factor npb is responsible for increasing the 
pV value above ideal value. Here, b is actually the 
effective volume of molecule. So, it is the finite size of 
molecules that leads to the origin of b and hence posi- 
tive deviation at high pressure. 


- 0.004 M Na,SO, is isotonic with 0.01 M glucose. The degree 
of dissociation of Na,SO, is 


(A) 75% (B) 50% 
(C) 25% (D) 85% (IIT-JEE 2004) 
Solution 


(A) We know that II(Na,SO,)=iCRT = i(0.004)RT and 
TI(glucose) = CRT =0.010 RT. As the solutions are 
isotonic, which means they have same osmotic pres- 
sure, we have 


i(0.004)RT = 0.01 RT 


Solving, we get i= 2.5. Now, consider the reaction 


Na,SO, = 2Na*+SO7 
Initial moles 1 0 0 
Moles at equilibrium 1-@ 2a a 


Total number of moles at equilibrium=1-—a@+2a+a=> 
i=1+2a. 

Therefore, a = (i — 1)/2 = (2.5 — 1)/2 = 0.75. So, the 
degree of dissociation is 75%. 


4. The elevation in boiling point when 20.16 g of freshly 


prepared CuCl, (relative molar mass: 134.4 g mol”) is 
dissolved in 1 kg of water (K, = 0.52 kg K mol) is 

(A) 0.075°C (B) 0.150°C 

(C) 0.234°C (D) 0.468°C (IIT-JEE 2005) 


= 0.234°C 


134.4 


. The elevation in boiling point of a solution of 13.44 g of 


CuCl, in 1 kg of water using the following information 
will be (mol. wt. of CuCl, = 134.4 g mol and K, = 0.52 K 
molal’.) 


(A) 0.16°C (B) 0.05°C 
(C) 0.1°C (D) 0.2°C = (IIT-JEE 2005) 
Solution 


(A) The reaction involved is 


CuCl, = Cu* +2Cl 
Initial moles 1 0 0 
Moles at equilibrium 1-@ @ 2a 


Total number of moles at equilibrium=1-—a+a@+2a0=> 
i=1+2a =3 (assuming a = 100%). 


Therefore, AT, =ix K, xm=3x0.52x SEs 


=0.16°C 


. When 20 g of naphothoic acid (C,,H,O,,) is dissolved 


in 50 g of benzene (K, = 1.72 K kg mol’), a freezing 
point depression of 2 K is observed. The van’t Hoff 
factor (i) is 


(IIT-JEE 2007) 
(A) 0.5 (B) 1 
(C) 2 (D) 3 
Solution 


(A) Molality can be calculated using given values as 


m=—4 1900 =" _ x 1000 
M, XW, 172 x 50 
Therefore, AT, =ix K,xm 
=>2=ix1.72x za x 1000 =>i=5 
172 x 50 


. Read the following paragraph and answer the questions 


that follow: 

Paragraph for Questions 7a to 7c: Properties, such as 
boiling point, freezing point, and vapor pressure of a pure 
solvent change when solute molecules are added to get 
homogeneous solution. These are called colligative prop- 
erties. Applications of colligative properties are very useful 
in day-to-day life. One of its examples is the use of ethylene 
glycol and water mixture as antifreezing liquid in the radia- 
tor of automobiles. 
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7a. 


7b. 


7¢: 


A solution M is prepared by mixing ethanol and water. The 
mole fraction of ethanol in the mixture is 0.9. Given that: 
Freezing point depression constant of water (K;) = 1.86 
K molal” and of ethanol (K,) = 2.0 K molal". 

Standard boiling point of water = 373 K and of ethanol = 
3515 K. 

Boiling point elevation constant of water (K,) = 0.52 
K mola!" and of ethanol (K,,) = 1.2 K molal". 

Vapor pressure of pure water = 32.8 mm Hg and of pure 
ethanol = 40 mm Hg. 

Standard freezing point of water = 273 K and of ethanol = 
155.7 K. 

Molar mass of water = 18 g mol‘ and of ethanol = 46 g mol’. 
In answering the following questions, consider the solu- 
tions to be ideal dilute solutions and solutes to be non- 
volatile and non-dissociative. (IIT-JEE 2008) 


The freezing point of the solution M is 
(A) 268.7 K (B) 268.5 K 
(C) 234.2K (D) 150.9K 


The vapor pressure of the solution M is 
(A) 39.3 mm Hg (B) 36.0 mm Hg 
(C) 29.5 mm Hg (D) 28.8 mm Hg 


Water is added to the solution M such that the mole frac- 
tion of water in the solution becomes 0.9. The boiling point 
of this solution is 


(A) 380.4 K (B) 376.2K 
(C) 375.5K (D) 354.7K 
Solution 


Ta: (D) AT,=K,;xm=2x0.1 x 1000/(0.9 x 46) = 4.83 K 

Freezing point of solution = Freezing point of pure 

solvent — AT, = (155.7 — 4.83) = 150.9 K. 

(A) Vapor pressure of water = mole fraction of water x 

p° water = 0.1 x 32.8 mm Hg = 3.28 mm Hg 

Vapor pressure of ethanol = mole fraction of ethanol x 

p° ethanol = 0.9 x 40 mm Hg = 36 mm Hg 

Total vapor pressure of solution = 3.28 + 36 = 

39.28 mm Hg 

Te: (B) AT, =K,xm=0.52 x 0.1 x 1000/(0.9 x 18) =3.2 K 
Boiling point of solution = AT, + boiling point of pure 
solvent = 373 + 3.2 = 376.2 K. 


Tb: 


. The Henry’s law constant for the solubility of N, gas in 


water at 298 K is 1.0 x 10° atm. The mole fraction of N, in 
air is 0.8. The number of moles of N, from air dissolved in 
10 mol of water at 298 K and 5 atm pressure is 


(IIT-JEE 2009) 
(A) 4.0x 107 (B) 4.0x 10° 
(C) 5.0x 10+ (D) 4.0x 10° 
Solution 


(A) From Henry’s law, we have 


p=Kyxy, = 0.8x5=1x 10x, 


=> xy, =4x10° (in 10 mol of water) 


. Dissolving 120 g of urea (mol. wt. = 60 g mol”) in 1000 g of 


water gave a solution of density 1.15 g mL”. The molarity 
of the solution is 


10. 


11. 
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(A) 178M (B) 2.00M 
(C) 2.05M (D) 2.22M. (IIT-JEE 2011) 
Solution 


(C) Since the solution consists of both urea and water, the 
mass of the solution = 1000 + 120 = 1120 g 


Mass of solution _ 1120 
Density of solution AS 
= 973.9 mL 
Number of moles 


Volume of solution = 


Therefore, molarity = 


Volume of solution (L) 


_ 120/60 
973.9 


x 1000 = 2.05 M 


The freezing point (in °C) of a solution containing 0.1g 
of K,[Fe(CN),] (molecular weight 329 g mol’) in 100g of 
water (K,= 1.86°C molal’) is 


(A) -2.3 x 10 (B) -5.7x 107 
(C) -5.7 x 10? (D) -12x 107 

(IIT-JEE 2011) 
Solution 


(A) The depression in freezing point is given by 


AT, =iK,m (1) 


where i can be calculated if we consider the following 
reaction: 


K,[Fe(CN),] > 3K* +[Fe(CN),]" 


We can calculate i= 3 + 1=4. Now, from Eq. (1) 


0.1 1000 
A KMS 

3 Ws 329° 100 
= 0.0226 = 2.26 x 107 = 2.3x 107°C 


Freezing point of the solution =—2.3 x 10°°°C (as freez- 
ing point of water is 0°C). 


For a dilute solution containing 2.5 g of a non-volatile, non- 
electrolyte solute in 100g of water, the elevation in boiling 
point at 1 atm pressure is 2°C. Assuming concentration of 
solute is much lower than the concentration of solvent, 
the vapor pressure (mm Hg) of the solution is (take K, = 
0.76 K kg mol") 


(A) 724 (B) 740 
(C) 736 (D) 718 (IIT-JEE 2012) 
Solution 


(A) When a non-volatile solute is added to pure solvent, 
there is decrease in vapor pressure. So, according to 
D°> Ps 


° 


relative lowering in vapor pressure, =X, 
where x, is the number of moles of solute, p® is the 
vapor pressure of the pure solvent and p, is the vapor 
pressure of the solution. Now, x, is also represented as 
n,/(n, + n,). Thus, we have 
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fe) 


Bo Py 2 
° n, +n, 


Neglecting n, from the denominator, and substituting 
p°’=1atm=760 mm Hg, we get 
760-—p, _2.5/M, 1000 18 
= x - xm 
760 100/18 1000 1000 
According to elevation in boiling point, AT, = K, xm=> 


2=0.76 x m > m = 2/0.76. 
Putting this value in Eq. (1), we get 


760-p,_ 18 | 2 


(1) 


760 1000 0.76 
7 760 18 x2 x 760 
1000 x 0.76 


= 760 — 36 = 724 mm Hg 


12. 25 mL of household bleach solution was mixed with 30 mL 


of 0.50 M KI and 10 mL of 4 N acetic acid. In the titra- 
tion of the liberated iodine, 48 mL of 0.25 N Na,S,O, was 
used to reach the end point. The molarity of the household 
bleach solution is 


(A) 0.48 M (B) 0.96M 
(C) 0.24M (D) 0.024 M (IIT-JEE 2012) 
Solution 


(C) Consider the reaction 
CaOCl, + 2KI > I, + Ca(OH), + KCI] 
According to this reaction, 25 mL of CaOCl, reacts 
with 30 mL of KI 


I, +2Na,S,O, > Na,S,O, + 2Nal 


Given that 48 mL of 0.25 N Na,S,O, was used to reach 
the end point. So, the number of moles of I, produced = 
48 x 0.25/2 = 6. 

According to the reaction, 

Number of millimoles of bleaching powder = Number 
of moles of I, = (1/2) x Number of moles of Na,S,O, =6 


So, the molarity of CaOCl, = 


Number of moles of bleaching powder _ 6 mmol 
25 mL 
=0.24 M 


Volume of solution 


13. MX, dissociates into M** and X ions in an aqueous solu- 


tion, with a degree of dissociation (a) of 0.5. The ratio of 
the observed depression of freezing point of the aqueous 
solution to the value of the depression of freezing point in 
the absence of ionic dissociation is 

(JEE Advanced 2014) 


Solution 
(2) The reaction involved is 
MX, = M™*+2X7 
Initial moles 1 0 0 


Moles at equilibrium 1-@ a _ 2a 


14. 


15. 


16. 


17. 
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Therefore,i=1-—a@+0@+2a@=1+2a. 

Given that w=0.5,soi=1+2x05=2 

If the freezing point of a 0.01 molal aqueous solution of a 
cobalt(III) chloride-ammonia complex (which behaves as a 
strong electrolyte) is —0.0558 °C, the number of chloride(s) 
in the coordination sphere of the complex is 

[K, of water -1.86 K kg mol] (JEE Advanced 2015) 


Solution 


(1) The depression in freezing point is given by 


AT, = K,xmxi 
0.0558 = 1.86 x0.01xi 
i=3 


Therefore, one mole of complex gives three moles of ions 
in solution. 

Hence, the complex is [Co(NH,),CI]Cl, and the number of 
CI ions inside the coordination sphere is 1. 


A pressure cooker reduces cooking time for food because 
(A) heat is more evenly distributed in the cooking space 

(B) boiling point of water involved in cooking is increased 
(C) the higher pressure inside the cooker crushes the food 


material 
(D) cooking involves chemical changes helped by a rise in 
temperature (AIEEE 2003) 
Solution 


(B) This is because the boiling point of water increases as 
the pressure increases. 


If liquids A and B form an ideal solution, 

(A) the enthalpy of mixing is zero 

(B) the entropy of mixing is zero 

(C) the free energy of mixing is zero 

(D) the free energy as well as the entropy of mixing are 
each zero (AIEEE 2003) 


Solution 


(A) A solution is ideal if the sum of the partial pres- 
sures of the components of the solution equals the 
observed vapor pressure of the solution, ie., if the 
solution obeys Raoult’s law. Since there is no change 
in the magnitude of the attractive forces in the two 
compounds present, the heat change on mixing, that is, 

AH,,;, in such solutions must be zero. In ideal solutions, 

the volume of the solution is the sum of the volumes 

of the components before mixing, that is, there is no 
change in volume on mixing or AV,,,, is zero. 

Ina 0.2 mol aqueous solution of a weak acid HX the degree 

of ionization is 0.3. Taking K;, for water as 1.85, the freezing 


point of the solution will be nearest to 


(A) -0.480°C (B) -0.360°C 
(C) -0.260°C (D) +0.480°C (AIEEE 2003) 
Solution 


(A) Consider the reaction, 


HX > H* + X™ 
03 03 
1-03 03 «(03 
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18. 


19. 


20. 


21. 


The total number of moles after dissociation=1—0.3a@+ 
0.30+0.30=1+0.3a. If ~ =1,then number of moles = 
1.3. Hence, the van’t Hoff factor is i= 1.3/1 = 1.3. 
Using the expression AT; =i x K,x m, we get 

AT, = 1.3 x 1.85 x 0.2 = +0.480°C 
or T, = 0°C — 0.480°C = -0.480°C 

Which one of the following statements is false? 

(A) Raoult’s law states that the vapor pressure of a compo- 
nents over a solution is proportional to its mole fraction. 

(B) Two sucrose solutions of the same molality prepared 
in different solvents will have the same freezing point 
depression. 

(C) The correct order of osmotic pressure for 0.01 M 
aqueous solution of each compound is BaCl, > KCI > 
CH,COOH > sucrose. 

(D) The osmotic pressure (II) = MRT, where M is the 
molarity of the solution (AIEEE 2004) 


Solution 


(B) Two sucrose solutions of same molality prepared in 
different solvents will have the same freezing point 
depression. This is because freezing point does not 
depend upon the nature of solvents used. 


AT, =K,xXm 


Which one of the following aqueous solutions will exhibit 
highest boiling point? (AIEEE 2004) 
(A) 0.01 M Na,SO, (B) 0.015 M glucose 

(C) 0.015 M urea (D) 0.01 M KNO, 


Solution 


(A) Since, glucose and urea are non-electrolytes and the 
van't Hoff’s factor for KNO, is 2 and for Na,SO, it is 3. 


KNO, >K*+NO; (i=2) 
Na,SO, > 2Na*+SO7 (i=2+1=3) 


Thus, from the expression AT, =i x K, x mas AT, 0 i, 
0.01 M Na,SO, will have the highest boiling point. 


Which of the following liquid pairs shows a positive devia- 
tion from Raoult’s law? (AIEEE 2004) 
(A) Water-hydrochloric acid 

(B) Acetone-chloroform 

(C) Water-nitric acid 

(D) Benzene—methanol 


Solution 


(D) Benzene—methanol. This is because the A-A and B-B 
interactions are much stronger than A-B interactions. 
So, when methanol combined with benzene the hydro- 
gen bonding of methanol breaks and its vapor pressure 
increases. 


Benzene and toluene form nearly ideal solutions. At 20°C, 
the vapor pressure of benzene is 75 torr and that of toluene 
is 22 torr. The partial vapor pressure of benzene at 20°C for 
a solution containing 78 g of benzene and 46 g of toluene in 
torr is 
(A) 50 
(C) 375 


(B) 25 


(D) 53.5 (AIEEE 2005) 


22. 


23. 


24. 
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Solution 
(A) According to Raoult’s law, we have 


Ps = Pa X y= 75K = 50 torr. 


Equimolar solutions in the same solvent have 
(AIEEE 2005) 
(A) Same boiling point but different freezing point 
(B) Same freezing point but different boiling point 
(C) Same boiling and same freezing points 
(D) Different boiling and different freezing points 


Solution 


(C) This is because colligative properties depend upon 
number of particles. 


18g of glucose (C,H,,O,) is added to 178.2 g of water. The 
vapor pressure of water for this aqueous solution at 100°C is 
(A) 759.00 torr (B) 760 torr 
(C) 76.00 torr (D) 752.40 torr 

(AIEEE 2006) 


Solution 
(D) According to Raoult’s law, 
p° TPs = Neonate 
P. Ss Asoivent 


where p’ is the initial pressure = 760 mm Hg and p, is 

the vapor pressure of water for this solution. Also, the 
number of moles of solute and solvent are 

Po 18 _ 18 

soins “Mol. wt. of C,H,,0, 180 


and 


= 178.2 _ 178.2 
Mol. wt. of water 18 


Substituting these values in the above equation, we get 


760-p, 18/180 _ 0.1 
Pp, —-:178.2/18 9.9 


760 — p, = 55x p, = 76099 ~ p, x99 = p, 
760 x 99 
Ps*"100 


= 752.4 mm Hg 


The density (in g mL) of a 3.60 M sulphuric acid solution, 
that is, 29% H,SO, (molar mass = 98 g mol’) by mass will be 
(A) 1.45 (B) 1.64 
(C) 1.88 (1D) 1.22 (AIEEE 2007) 


Solution 


(D) Let the density of the solution be p. The molarity of 
the solution = 3.60 M (given). This means that 1 L of 
solution contains 3.6 mol or (3.6 x 98) g of H,SO, (98 g 
mol" is the molecular mass of H,SO,). Since, the solu- 
tion is 29% by mass which means 29 g of H,SO, is pre- 
sent in 100 g, therefore, 100/p mL solution contains 29 g 
of H,SO,. 
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25. 


26. 


27. 


As volume = mass/density. Now, 1000 mL contains 
3.6 x 98 g of H,SO,. Therefore, 


100 _ 29x1000 _ _ 3.6x98x 1000 
Pp 3.6x98 ~ 29x 1000 


=1.22 gL" 


A 5.25% solution of a substance is isotonic with a 15% 
solution of urea (molar mass = 60 g mol‘) in the same sol- 
vent. If the densities of both the solutions are assumed to 
be equal to 1.0 g m™®, molar mass of the substance will be 
(A) 210.0 g mol" (B) 90.0 g mol" 
(C) 115.0 g mol" (D) 105.0 g molt 

(AIEEE 2007) 


Solution 


(A) Isotonic solutions have the same osmotic pressure, 
IL, =C,RT =], =C,RT 


so C, = C,. Let M be the molar mass of the substance. 
Now as the densities are same 


525) 15 60 


=> M=5.25x = 210 
M_~ 60 1.5 


A mixture of ethyl alcohol and propyl alcohol has a vapor 
pressure of 290 mm Hg at 300 K. The vapor pressure of 
propyl alcohol is 200 mm Hg. If the mole fraction of ethyl 
alcohol is 0.6, its vapor pressure (in mm Hg) at the same 
temperature will be 


(A) 360 (B) 350 
(C) 300 (D) 700 (AIEEE 2007) 
Solution 


(B) Let p’ be the vapor pressure of ethyl alcohol in the 
mixture and p” be the vapor pressure of propyl alco- 
hol. Then, total pressure (p) of the mixture will be 


p= p’ x(Mole fraction) 14,1 alcohol 
+ p” x (Mole fraction) 
290 = (p’ x 0.6) + (200 x 0.4) 
, 290 -(200 x 0.4) 
0.6 


propyl alcohol 


= 350mm Hg 


The vapor pressure of ethyl alcohol in the mixture is 
350 mm of Hg. 


The vapor pressure of water at 20°C is 175 mm Hg. If 

18 g of glucose (C,H,,O,) is added to 178.2 g of water at 

20°C, the vapor pressure of the resulting solution will be 
(AIEEE 2008) 

(B) 15.750 mm Hg 

(D) 17325 mm Hg 


(A) 17675 mm Hg 
(C) 16.500 mm Hg 


Solution 
(D) According to Raoult’s law 


° 


E = = X cotute 
Ps 
17.5 — p, _ 0.1 = 17.5 - p, =001 
P 10 Ps 


Solving we get p, = 17.325 


28. 


29. 
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Solved Objective Questions from Previous Year Papers 


At 80°C, the vapor pressure of pure liquid A is 520 mm Hg 

and that of pure liquid B is 1000 mm Hg. If a mixture 

solution of A and B boils at 80°C and 1 atm pressure, the 

amount of A in the mixture is (1 atm = 760 mm Hg) is 
(AIEEE 2008) 

(B) 34 mol% 

(D) 50 mol% 


(A) 52 mol% 
(C) 48 mol% 


Solution 


(D) According to Raoult’s law 


D, = paXq + ppXy > 760 = 520X, 
+ p3(1-X,) > X, =0.5 


Thus, mole % of A=0.5 x 100 = 50%. 


Two liquids X and Y form an ideal solution. At 300 K, 
vapor pressure of the solution containing 1 mol of X and 
3 mol of Y is 550 mm Hg. At the same temperature, if 
1 mol of Y is further added to this solution, vapor pres- 
sure of the solution increases by 10 mm Hg. Vapor pres- 
sure (in mm Hg) of X and Y in their pure states will be, 
respectively, (AIEEE 2009) 
(A) 400 and 600 (B) 500 and 600 

(C) 200 and 300 (D) 300 and 400 


Solution 
(A) Mole fraction of X and Y are 
; 1 1 
Mole fraction of X =——— =— 
1+3 4 
; 3 3 
Mole fraction of Y= —~=— 
14+3 4 


Total pressure = partial pressure of X x Mole fraction 
of X + Partial pressure of Y x mole fraction of Y. 


Px, 3Py 

550 = -*4+—* 

(1) 
550.4 = py + 3py 

When one mole of Y is added then mole fraction of X 


becomes 1/(1 + 4) = 1/5 and mole fraction of Y becomes 
4/(1 + 4) = 4/5. Now, the total pressure given as 


560 = Px 4 APY 
5 5 (2) 
560.5 = py + 4py 
Solving Eqs. (1) and (2), we get p,. = 400 mm Hg and 
py = 600 mm Hg. 


30. A binary liquid solution is prepared by mixing n-heptane 


and ethanol. Which one of the following statements is cor- 

rect regarding the behavior of the solution? 

(A) The solution formed is an ideal solution. 

(B) The solution is non-ideal, showing positive deviation 
from Raoult’s law. 

(C) The solution is non-ideal, showing negative deviation 
from Raoult’s law. 

(D) n-Heptane shows positive deviation while ethanol 
shows negative deviation from Raoult’s law. 

(AIEEE 2009) 
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Solution 


(B) This is because for the liquid pair, n-heptane—ethanol 
molecular forces are lower than heptane-heptane and 
ethanol-ethanol molecular interaction forces. 

31. If 10% dm’ of water is introduced into a flask at 300 K, how 
many moles of water are in the vapor phase when equi- 
librium is established? (Given: Vapor pressure of H,O at 
300 K is 3170 Pa; R = 8.314 J K" mol”.) 

(A) 1.27 x 10° mol (B) 5.56 x 10° mol 

(C) 1.53 x 10° mol (D) 4.46 x 10° mol 

(AIEEE 2010) 


Solution 
(A) Using ideal gas equation pV = nRT, we have 


ja 
RT 


= 3170 x 10~°atm x 
=1.27x107 mol 


1L 


x 300 K 
0.0821 L atm K™ mol” 


32. If sodium sulphate is considered to be completely dis- 
sociated into cations and anions in aqueous solution, the 
change in freezing point of water (AT,) when 0.01 mol of 
sodium sulphate is dissolved in 1 kg of water is (Given K, = 
1.86 K mol’) 


(A) 0.0186 K. (B) 0.0372 K. 
(C) 0.0558 K. (D) 0.0744 K. 

(AIEEE 2010) 
Solution 


(A) The expression for AT; is 
AT, =ixK,xm 


For the reaction Na,SO, > 2Na* + SO;,i=2+1=3. 
Hence 


AT, = 31.86 x (0.01/1) = 0.0558 K 


33. On mixing, heptane and octane form an ideal solution. At 
373 K, the vapor pressures of the two liquid components 
(heptane and octane) are 105 kPa and 45 kPa, respectively. 
Vapor pressure of the solution obtained by mixing of hep- 
tane and 35 g of octane will be (molar mass of heptane = 
100 g mol" and of octane = 144 g mol") 


(A) 144.5 kPa (B) 72.0 kPa 
(C) 36.1 kPa (D) 96.2 kPa (ATEEE 2010) 
Solution 


(B) The number of moles of heptane = 25/100 and that of 
octane = 35/114. Now, 
Mole fraction of heptane 


_ Number of moles of heptane 


Total number of moles 


Lin 
100 
re Zi 35 0.45 
100 114 
Mole fraction of heptane + mole fraction of octane = 1. 
So, mole fraction of octane = 1 — 0.55 = 0.45. 
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Total pressure = Xnoptane X P + Xcctane * P 
(105 x 0.45 + 45 x 0.55) = 72.0 kPa 


34. Ethylene glycol is used as an antifreeze in a cold climate. 
Mass of ethylene glycol which should be added to 
4 kg of water to prevent it from freezing at —6°C will be: 
(K, for water = 1.86 K kg mol, and molar mass of ethylene 
glycol = 62 g mol.) 


(A) 204.30 g (B) 400.00 g 
(C) 304.60 g (D) 804.32 g (AIEEE 2011) 
Solution 


(D) According to expression for depression in freezing point, 
w, X see 


AT, = K,xm= Kx 
w, Xm, 


where w, and w, are the weights of solvent and solute, 
respectively, and m, is the mass of solute. 

w, X 4 
4000 x 62 


AT, = 0°C-( 60) =6=186x( 


On solving, w, = 800 g. 


35. The degree of dissociation (a) of a weak electrolyte, A,B, 
is related to van’t Hoff factor (i) by the expression 


(AIEEE 2011) 
i-1 xt+y-1 
A) @= BB) e=——— 
(A) xtytl (8) i-1 
xtyt1 i-1 
a= D = 
a i-] ~ (xt+y-1) 
Solution 
(D) The van’t Hoff factor is 
i=l-at+na=1+a(n-l)>a= — 
i= 


For the reaction A, B, > xA**+ yB* ,n=x+y, we have 


i-1 i-1 
a= = 
n-1 x+y-1 


36. K, for water is 1.86 kg mol”. If your automobile radiator 
holds 1.0 kg of water, how many grams of ethylene glycol 
(C,H,O,) must you add to get the freezing point of solution 
lowered to —2.8°C? 


(A) 72g (B) 93g 
(C) 39g (D) 27g (AIEEE 2012) 
Solution 


(B) According to depression in freezing point, we have 


M aotnte) x 1000 


solution 
where Wooton = 1000 g, AT, = 2.8°C, M,(solute) = 
62 g mol. Substituting, we get 


W. 
sol 
AT, = K,xm=K, x solute 
W. 


— 1.86 X Wore X 1000 
~ 62 x 1000 


2.8 


> Weolute = 93 g 
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37. Consider separate solutions of 0.500 M C,H;OH(aq), 


0.100 M Mg,(PO,),(aq), 0.250 M KBr(aq) and 0.125 M 
Na,PO,(aq) at 25°C. Which statement is true about these 
solutions, assuming all salts to be strong electrolytes? 
(A) They all have the same osmotic pressure. 
(B) 0.100 M Mg,(PO,),(aq) has the highest osmotic 
pressure. 
(C) 0.125 M Na,PO, (aq) has the highest osmotic pressure. 
(D) 0.500 M C,H;OH (aq) has the highest osmotic 
pressure. 
(JEE Main 2014) 


Solution 

(A) According to van’t Hoff equation, II =iCRT. 

For 0.500 M C,H.OH (aq), 1 =1x0.5x RT =0.5RT 
For 0.100 M Mg,(PO,), (aq), 1 =5x0.1x RT =0.5RT 
For 0.250 M KBr(aq), 1] =2x0.25x RT =0.5RT 
andfor0.125MNa,PO, (aq), 1 =4x0.125x RT =0.5RT 


38. 
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Review Questions 


So, all have the same osmotic pressure, and so they are 
isotonic solutions. 


The vapor pressure of acetone at 20°C is 185 torr. When 
1.2 g of a non-volatile substance was dissolved in 100 g of 
acetone at 20°C, its vapor pressure was 183 torr. The molar 
mass (g/mol) of the substance is: 


(A) 64 (B) 128 
(C) 488 (D) 32 

(JEE Main 2015) 
Solution 


(A) Using the colligative property (relative lowering of 
vapor pressure) 


Po Ps __W2*M, 
Ps M, xw, 

185-183 | 1.258 > M, = 64 gmol 
183 M, x100 


REVIEW QUESTIONS 


. The molecules of a compound are composed of one 
phosphorus and multiple chlorine atoms. This gaseous 
compound dissolves in water to form a hydrochloric acid 
solution and phosphorus acid (H,PO,). What is the molar- 
ity of the hydrochloric acid if 750 mL of the gas, measured 
at STP, dissolves in 250 mL of water? 


. Why do two gases spontaneously mix when they are 
brought into contact? 


. The value of AH,,,, for a soluble compound is, say, 
+26 kJ mol", and a nearly saturated solution is prepared 
in an insulated container. Will the system’s temperature 
increase or decrease as the solute dissolves? Which value 
for this compound would be numerically larger, its lattice 


energy or its hydration energy? 


. Methanol, CH,—O—H, and water are miscible in all pro- 
portions. What does this mean? Explain how the O—H 
unit in methanol contributes to this. 


. Show that when the mole fraction of the solvent in the 
solution is nearly unity, the molarity (C) and molality (m) 
of the solution are connected by the equation. 

C=pxm 


where p is the density of the solution. 


. Hexane (C,H,,) and water are immiscible. What does this 
mean? Explain why they are immiscible in terms of struc- 
tural features of their molecules and the forces of attrac- 
tion between them. 


. Why is ammonia so much more soluble in water than is 
nitrogen? Explain. 


8. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


When substances form liquid solutions, what two factors 
are involved in determining the solubility of the solute in 
the solvent? 


. Which would be expected to have the larger hydration energy, 


Al” or Li*? Why? (Both ions are about the same size.) 


If a saturated solution of NH,NO, at 70°C is cooled to 
10°C, how many grams of solute will separate if the quan- 
tity of the solvent is 100 g? 


The value of AH,,,, for the formation of an ethanol-hexane 
solution is positive, while that of acetone—water solution is 
negative. Explain this in general terms that involve inter- 


molecular forces of attraction. 


The largest fish are found in deep sinks in lake bottoms, 
where the water is coolest. Use the temperature depend- 
ence of oxygen solubility in water to explain why. 


When a solid is associated in a solution, what does this 
mean? What difference does it make to expected colliga- 
tive properties? 

Mountain streams often contain fewer living things than equiv- 
alent streams at sea level. Give one reason why this might be 
true in terms of oxygen solubilities at different pressures. 


When octane is mixed with methanol, the vapor pressure of 
the octane over the solution is higher than what we would 
calculate using Raoult’s law. Why? Explain the discrepancy 
in terms of intermolecular attractions. 


Why does a bottled carbonated beverage fizz when you 
take the cap off? 
Suppose a 1.0 molal solution of a solute is made using a sol- 


vent with a density of 1.15 g mL”. Will the molarity of this 
solution be numerically larger or smaller than 1.0? Explain. 
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18. 


19. 


20. 


21. 


22. 


What kinds of data would have to be obtained to find out if 
a solution of two miscible liquids is almost exactly an ideal 
solution? 


Explain why a non-volatile solute dissolved in water makes 
the system have (a) a higher boiling point than water and 
(b) a lower freezing point than water. 


What specific fact about a physical property of a solution 
must be true to call it a colligative property? 


At a molecular level, explain why in osmosis there is a net 
migration of solvent from the side of the membrane less con- 
centrated in solute to the side more concentrated in solute. 


What is the van’t Hoff factor? What is its expected value 
for all non-dissociating molecular solutes? If its measured 
value is slightly larger than 1.0, what does this suggest 
about the solute? What is suggested by a van’t Hoff factor 
of approximately 0.5? 


23. 


24. 


25. 


26. 


27. 


28. 
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Two glucose solutions of unequal molarity are separated 
by an osmotic membrane. Which solution will lose water, 
the one with the higher or the lower molarity? 

What is the key difference between dialyzing and osmotic 
membranes? 

Why are colligative properties of solutions of ionic com- 
pounds usually more pronounced than those of solutions 
of molecular compounds of the same molalities? 

Which aqueous solution has the higher osmotic pressure, 
10% glucose, C,H,,O,, or 10% sucrose, C,,H,,0,,? 

Which aqueous solution, if either, is likely to have the 
higher boiling point, 0.50 molal Nal or 0.50 molal Na,CO,? 
To what type of solution does an alloy belong to? Give one 
example of a solution of liquid in solid. 


NUMERICAL PROBLEMS 


10. 


. Calculate the freezing point of an aqueous solution of elec- 


trolyte having osmotic pressure of 2.0 atm at 300 K. K, = 
1.86 K molal’, R = 0.0821 L atm K' mol. 


. At 25°C, the vapor pressure of pure methyl alcohol is 92.0 


torr. What is the mole fraction of CH,OH in a solution in 
which vapor pressure of CH,OH is 23.0 torr at 25°C? 


. The vapor pressure of pure benzene at 25°C is 640.0 mm Hg 


and vapor pressure of a solution of a solute in benzene is 
25°C is 632.0 mm Hg. Find the freezing point of the solu- 
tion if K, for benzene is 5.12 K molal (Ty 5.5°C). 


(Benzene) a 


. A solution containing 2.7 g of urea per 100 mL of the solu- 


tion is isotonic with a solution of sucrose. How many grams 
of sucrose are present in 500 mL of the solution? 


. 2.0 g of benzoic acid, CH;COOH dissolve in 25.0 g of ben- 


zene show a depression in freezing point of 1.62 K. K; of 
benzene = 4.9 K molal’. What is the percentage association 
of the acid? 


. What is the percentage by mass of iodine needed to reduce 


the freezing point of benzene to 3.5°C. The freezing point 
and cryoscopic constant of pure benzene are 5.5°C and 
5.12 K molal”, respectively. 


. What is the degree of dissociation @ of a weak electrolyte 


in terms of van’t Hoff factor i and the number of ions given 
by 1 mol of the electrolyte, N? 


. What is the osmotic pressure of a solution made by mixing 


100 mL of 0.1 M acetone and 100 mL of 0.2 M solution at 30°C? 


- Ina cold climate, water gets frozen causing damage to the 


radiator of cars. Ethylene glycol is used as an anti-freeze. 
Calculate the amount of glycol to be added to 4.0 kg of 
water to prevent it from freezing at -6°C. K, of water = 
1.86 K molal". 


0.6 L of a solute is dissolved in 0.1 L of a solvent which 
develops an osmotic pressure of 1.23 atm at 27°C. What is 
the molecular weight of the solute? 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


The boiling point elevation of 600 mg of acetic acid in 
0.1 kg of benzene is 0.1265 K. What conclusion can you 
draw about the molecular state of acetic acid in benzene? 
(K, of benzene is 2.53 K molal™.) 


The van’t Hoff factor for a 0.1 M AL(SO,), solution in 4.20. 
The degree of dissociation is 


The freezing point depression of 0.1 molal NaCl solution is 
0.372 K. What conclusion can you draw about, the molecu- 
lar state of NaCl in water. K, of water = 1.86 K molal”. 


An aqueous solution containing an ionic salt having molal- 
ity equal to 0.19 freezes at -0.704°C. The van’t Hoff factor 
of the ionic salt is (Given K, for water = 1.86 K mola) 


A weak electrolyte XY is 5% dissociated in water. What is 
the freezing point of a 0.01 molal aqueous solution of XY? 
The cryoscopic constant of water is 1.86 K molal”’. 


Arrange the following solutions in increasing order of 

(a) boiling points (i) 0.001 molal NaCl, (ii) 0.001 molal 
urea, (iii) 0.001 molal MgCl, and (iv) 0.001 molal 
CH,COOH. 

(b) freezing points (i) 0.1 M glucose, (iii) 1% urea solution 
and (iii) 0.1 M common salt. 

(c) osmotic pressure: (i) NaNO,, (ii) BaCl, (iii) 
K,[Fe(CN),], (iv) C,H,,O, and (iv) CH,COOH. 

The vapor pressure of a solution containing 5.0 g of a non- 

electrolyte in 100.0 g; of water at a particular tempera- 

ture is 2985 N m~. If the vapor pressure of pure water is 

3000 N m”, what is the molecular weight of the solution? 


The vapor pressure of pure liquid solvent A is 0.80 atm. 
When a non-volatile substance B is added to the solvent, its 
vapor pressure drops to 0.60 atm. What is the mole fraction 
of the component B in the solution? 


The vapor pressure of pure benzene, C,H, at 50°C is 
268 torr. How many moles of non-volatile solute per mole 
of benzene is required to prepare a solution of benzene 
having a vapor pressure of 167 torr at 50°C? 
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20. 


21. 


22. 


The molal boiling-point constant for water is 0.513 K 
molal'. When 0.1 mol of sugar is dissolved in 200.0 g of 
water, the solution boils under a pressure of 1.0 atm at what 
temperature? 


The vapor pressure at a given temperature of an ideal solu- 
tion containing 0.2 mol of a non volatile solute and 0.8 mol 
of a solvent is 60 mm Hg. What will be the vapor pressure 
of the pure solvent at the same temperature? 

10.0 g of glucose (I1,), 10.0 g of urea (I1,) and 10.0 g of sucrose 
(IL,) are dissolved in 250.0 mL of water at 273 K (where 
II = osmotic pressure of a solution). What is the relation- 
ship between the osmotic pressures of the solutions? 


23. 


24. 


25. 


26. 
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Additional Objective Questions 


A 5% solution of cane sugar (mol. wt. = 342 g mol’) is 
isotonic with a 1% solution of a substance X. What is the 
molecular weight of X? 


From a measurement of the freezing-point depression of 
benzene, the molecular weight of acetic acid in a benzene 
solution was determined to be 100. What is the percentage 
association of acetic acid? 


What is the ratio of freezing-point depression values of 
0.01 M solutions of urea, common salt and Na,SO,? 
What should be the boiling point of 1.0 molal aqueous KC] 


solution (assuming complete dissociation of KCl) if K, of 
H,0O is 0.52 K molal'? 


ADDITIONAL OBJECTIVE QUESTIONS 


Single Correct Choice Type 


1. 


A solution is obtained by mixing 300 g of 25% solution 
and 400 g of 40% solution by mass. What will be the mass 
percentage of the solute and solvent of resulting solution? 
(A) 23% and 77% (B) 12.5% and 875% 

(C) 33.6% and 66.4% (D) 50% and 50% 


. A X molal solution of a compound in benzene has mole 


fraction of solute equal to 0.2. The value of X is 
(A) 14 (B) 3.2 
(C) 14 (D) 2.0 


. Concentrated nitric acid used in laboratory work is 68% 


nitric acid by mass in aqueous solution. What should be the 
molarity of such a sample of the acid if the density of the 
solution is 1.504 gL”. 
(A) 1.623 M 
(C) 162.3M 


(B) 16.23M 
(D) 0.1623 M 


. One liter of sea water weighs 1030.g and contains about 


6 x 10° g dissolved O,. What will be the concentration of 
dissolved oxygen in ppm? 
(A) 68 ppm 

(C) 580 ppm 


(B) 5.8 ppm 
(D) 0.58 ppm 


. An antifreeze solution is prepared from 222.6 g of ethylene 


glycol (C,H,O,) and 200 g of water. What will be the molal- 
ity and molarity of the solution respectively? (Given that 
the density of the solution is 1,072 g mL.) 

(A) 1795, 91.1 (B) 1795, 9.11 

(C) 1.795, 9.11 (D) 1.795, 91.1 


. What will be the (1) molality (ii) molarity and (iii) mole 


fraction of KI, respectively, if the density of 20% (mass/ 
mass) aqueous KI is 1.202 g mL? 

(A) 1.5, 1.45 and 0.0263 (B) 15, 14.5 and 0.0263 

(C) 1.5, 14,5 and 0.0263 (D) 15, 1.45 and 0.263 


. Vapor pressure of CCL, at 25°C is 143 mm Hg. If 0.5 g of 


a non-volatile solute (mol. wt. 65) is dissolved in 100 mL 
CCL,, find the vapor pressure of the solution. (Given that 
density of CCl, = 1.58 g cm™.) 
(A) 141.93 mm Hg 
(C) 199.34 mm Hg 


(B) 94.39 mm Hg 
(D) 143.99 mm Hg 


8. 


10. 


11. 


12. 


13. 


14. 


Two liquids A and B arc mixed at temperature Tin a certain 
ratio to form an ideal solution, it was found that the par- 
tial vapor pressure of A, that is, p, is equal to p, the vapor 
pressure of B for the liquid mixture. What is the total vapor 
pressure of the liquid mixture in terms of Pa and Pp? 


(a) Pie, ww) 2A. 
Pat Pp Prat Pp 

Oo 2 oO 
oS (p) 78 
Pat Pp, Pat Pz 


. The partial pressure of ethane over a solution containing 


6.56 x 10° g of ethane is 1 bar. If the solution contains 
5.00 x 10° g of ethane, then what shall be the partial pres- 
sure of the gas? 

(A) 76.2 bar (B) 762 bar 

(C) 0.762 bar (D) 762 bar 


Henry’s law constant for the molality of methane in ben- 
zene at 298 K is 4.27 x 10° mm Hg. Determine the solubility 
of methane in benzene at 298 K under 760 mm Hg. 

(A) 178 x 10° (B) 178 x 10° 

(C) 356 x 10° (D) 356 x 10° 


The relative lowering of vapor pressure is equal to the 
mole fraction of the solute. This law is called 

(A) Henry’s law (B) Raoult’s law 

(C) Ostwald law (D) Arrhenius law 


An aqueous solution of methanol has vapor pressure 
(A) equal to that of water. (B) equal to that of methanol. 
(C) more than that of water. (D) less than that of water. 


Which of the following statements is correct, if the inter- 
molecular forces in liquids A, B and C are in the order 
A<B<C? 

(A) B evaporates more readily than A 

(B) B evaporates less readily than C 

(C) A and B evaporate at the same rate 

(D) A evaporates more readily than C 


An ideal solution was obtained by mixing methanol and 
ethanol. Ifthe partial vapor pressure ofmethanoland ethanol 
are 2.619 kPa and 4.556 kPa, respectively, the composition 
of vapor (in terms of mole fraction) will be 
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15. 


16. 


17. 


18. 


19. 


20. 


21. 


(A) 0.634 MeOH, 0.365 EtOH 
(B) 0.365 MeOH, 0.635 EtOH 
(C) 0.574 MeOH, 0.326 EtOH 
(D) 0.173 MeOH, 0.827 EtOH 


At 35°C the vapor pressure of CS, is 512 mm Hg, and of 
acetone, CH,COCH,, is 344 mm Hg. A solution of CS, 
and acetone in which the mole fraction of CS, is 0.25 
has a total vapor pressure of 600 mm Hg. Which of the 
following statements about solution of acetone—CS, is 
true? 
(A) A mixture of 100 mL of acetone and 100 mL of CS, 
has a total volume of 200 mL. 
(B) When acetone and CS, are mixed at 25°C, heat must 
be absorbed in order to produce a solution at 35°C. 
(C) When acetone and CS, are mixed at 35°C, heat is released. 
(D) Raoult’s law is obeyed by both CS, and acetone for 
the solution in which the mole fraction of CS, is 0.25. 


What is the composition of the vapor which is in equilibrium 
at 30°C with a benzene-toluene solution with a mole frac- 
tion of benzene of 0.400? (p, = 119 torr and p; = 37.0 torr) 
(A) 1.237 (B) 2.237 
(C) 3.237 (D) 0.237 


At a given temperature, total vapor pressure in torr of a 
mixture of volatile components A and B is given by P,44, = 
120 — 75x, hence, vapor pressure of pure A and B, respec- 
tively, (in torr) are 
(A) 120,75 

(C) 20,45 


(B) 120,195 
(D) 75,45 


Liquids A and B form an ideal solution and the former has 
stronger intermolecular forces. If x, and y, are the mole 
fractions of A in the solution and vapor phase in equilib- 
rium, then 

(A) y,/x, =1 
(C) yale, <1 


(B) yalx,>1 
(D) yatx,=1 


Benzene and toluene form ideal solution over the entire 
range of composition. The vapor pressure of pure benzene 
and naphthalene at 300 K are 50.71 mm Hg and 32.06 mm Hg 
respectively. What will be the mole fraction of benzene 
in vapor phase if 80 g of benzene is mixed with 100 g of 


naphthalene? 
(A) 0.0675 (B) 0.675 
(C) 0.35 (D) 0.5 


100 g of liquid A (molar mass 140 g mol) was dissolved 
in 1000 g of liquid B (molar mass 180 g mol"). The vapor 
pressure of pure liquid B was found to be 500 torr. What 
will be the vapor pressure of pure liquid A and its vapor 
pressure in the solution, respectively, if the total vapor 
pressure of the solution is 475 torr? 

(A) 28.7 torr and 32 torr (B) 280.7 torr and 32 torr 
(C) 28.7 torr and3.2 torr (D) 280.7 torr and 3.2 torr 


Liquids A and B form an ideal solution, then which of the 
following is true? 

(A) The enthalpy of mixing is zero. 

(B) The entropy of mixing is zero. 

(C) The free energy of mixing is zero. 

(D) The AV,,,. of mixing is not zero. 


mix 
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100 mL of liquid A was mixed with 25 mL of liquid B to 
give a non-ideal solution of A-B mixture. The volume of 
this mixture would be 

(A) 75 mL. 

(B) either less or more than 125 mL. 

(C) close to 125 mL but not exceeding 125 mL. 

(D) just more than 125 mL. 


If Ps is the vapor pressure of a pure liquid A and the mole 
fraction of A in the mixture of two liquids A and B is x, the 
partial vapor pressure of A is 


(A) (1-x) pi (B) xpi 
(C) (x/1-x) Pa (D) [(1—x)/x] p& 


In a mixture of A and B if the mole fraction of the compo- 
nent A in vapor phase is x, and mole fraction of component 
A. in liquid mixture is x, ( Pp = vapor pressure of pure A; 
Px = vapor pressure of pure B), then total vapor pressure 
of the liquid mixture is: 


(A) DX. (B) DX 
aa a) 
(C) PpX1 (D) PpX> 
xy x 
Heptane and octane form an ideal solution. At 373 K, the 


vapor pressures of the two liquid components are 105.2 kPa 
and 46.8 kPa, respectively. What will be the vapor pressure 
of a mixture of 26.0 g of heptane and 35 g of octane? 

(A) 7308 kPa (B) 73.08 kPa 

(C) 730.8 kPa (D) 7308 kPa 


At 40°C, the vapor pressure in torr of methanol and etha- 

nol solution is p = 119x + 135, where x is the mole fraction 

of methanol. Hence, 

(A) vapor pressure of pure methanol is 119 torr. 

(B) vapor pressure of pure ethanol is 135 torr. 

(C) vapor pressure of equimolar mixture of each is 
127 mm Hg. 

(D) mixture is completely immiscible. 


A solution that obeys Raoult’s law is 
(A) non-ideal. (B) colloid. 
(C) ideal. (D) saturated. 


In a mixture, A and B components show negative 

deviation as 

(A) AV,,;. iS positive. 

(B) AH,,,, = negative. 

(C) A-B interaction is weaker than A-A and B-B 
interaction. 


(D) None of the above reason is correct. 


ix 


The vapor pressure of a solvent decreased by 10 mm Hg 
when a non-volatile solute was added to the solvent. The 
mole fraction of the solute in solution is 0.2. What would be 
mole fraction of the solvent if decrease in vapor pressure is 


20 mm Hg? 

(A) 0.8 (B) 0.6 

(C) 04 (D) 0.2 

The vapor pressure of ethyl alcohol at 25°C is 59.2 torr. 


The vapor pressure of a very dilute solution of urea in 
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36. 
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38. 


ethyl alcohol is 51.3 torr. What is the molality of the 
solution? 

(A) 29 molal 
(C) 0.29 molal 


(B) 2.9 molal 
(D) 1.5 molal 


Which of the following liquid pairs shows a positive devia- 
tion from Raoult’s law? 

(A) Water-nitric acid 

(B) Benzene—methanol 

(C) Water—hydrochloric acid 

(D) Acetone-chloroform 


All form ideal solution except 

(A) C.H.Br and C,H.I (B) C,H,Cl and C,H,Br 

(C) C,H, and C,H,CH, (D) C,H.I end C,H,;OH 

The vapor pressure of a pure liquid A is 40 mm Hg at 310 K. 
The vapor pressure of this liquid in a solution with liquid B 
is 32 mm Hg. Mole fraction of A in the solution, if it obeys 
Raoult’s law, is 

(A) 0.8 (B) 0.5 

(C) 0.2 (D) 0.4 


Mole fraction of the component A in vapor phase is x, and 
mole fraction of component A in liquid mixture is x, (pk = 
vapor pressure of pure A), then total vapor pressure of the 
liquid mixture is 


(A) PaX2 (B) Pr*1 
al Xy 
(C) PX (D) PpX2 
X, xy 


Negative deviations from Raoult’s law are exhibited by 

binary liquid mixtures 

(A) in which the molecules tend to attract each other and 
hence their escape into the vapor phase is retarded. 

(B) in which the molecules tend to repel each other and 
hence their escape into the vapor phase is retarded. 

(C) in which the molecules tend to attract each other end 
hence their escape into the vapor phase is speeded up. 

(D) in which the molecules tend to repel each other and 
hence their escape into the vapor phase is speeded up. 


A non-ideal solution was prepared by mixing 30 mL chlo- 
roform and 50 mL acetone. The volume of mixture will be 
(A) > 80 mL. (B) <80 mL. 

(C) =80 mL. (D) none of these. 


A solution of pair of volatile liquids A and B will show pos- 
itive deviation from Raoult’s law if it fulfills the following 
conditions: 

(A) Pa> Pax, and pp, > PpXy 

(B) The intermolecular forces of A-A,B-B>A-B 

(C) AH,,, > 0 and AV,,,, > 0 


mix mix 


(D) All of these 


Which of the following is not a colligative property? 
(A) Osmotic pressure 

(B) Elevation in boiling point. 

(C) Vapor pressure. 

(D) Depression in freezing point. 
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The colligative properties of a solution depend on 
(A) nature of solute particles present in it. 

(B) nature of solvent used. 

(C) number of solute particles present in it 

(D) number of moles of solvent only. 


A dry air is passed through the solution, containing the 
10g of solute and 90g of water and then it pass through 
pure water. There is the depression in weight of solution by 
2.5 g and of pure solvent by 0.05 g. Calculate the molecular 
weight of solute. 


(A) 50 (B) 180 
(C) 100 (D) 25 
The vapor pressure of a solvent decreased by 10 mm Hg 


when a non-volatile solute was added to the solvent. The 
mole fraction of solute in solution is 0.2, what would be 
mole fraction of the solvent if decrease in vapor pressure is 


20 mm Hg? 

(A) 0.8 (B) 0.6 

(C) 0.4 (D) 0.2 

The vapor pressure of water is 12.3 kPa at 300 K. What will 


be the vapor pressure of 1 molal solution if a non-volatile 
solute is added to it? 
(A) 24.16 kPa 
(C) 2.416 kPa 


(B) 1.208 kPa 
(D) 12.08 kPa 


What will be the mass of a non-volatile solute (molar 
mass 40 mol which should be dissolved in 114 g octane to 
reduce its vapor pressure to 80%? 


(A) 8g (B) 4g 
(C) 2g (D) 16g 
An aqueous solution freezes at —2.55°C. What is its boiling 


point? (Given that K, of H,O = 0.52 K molal” and K, of 
H,O = 1.86 K molal’.) 


(A) 1070°C (B) 100.6°C 
(C) 100.1°C (D) 100.7°C 
Vapor pressure of water at 293 K is 17535 mm Hg. What 


will be the vapor pressure of water at 293 K when 25 g of 
glucose is dissolved in 450 g of water? 

(A) 1744 mm Hg (B) 174.4mm Hg 

(C) 34.88 mm Hg (D) 8.72 mm Hg 


The boiling point of an aqueous solution of a non-volatile 
solute is 100.15°C. What is the freezing point of an aqueous 
solution obtained by diluting the above solution with an 
equal volume of water? The values of K, and K, for water 
are 0.412°C molal™ and 1.86°C molal", respectively. 


(A) -0.544°C (B) -0.512°C 
(C) -0.272°C (D) -1.86°C’ 
The boiling point elevation constant for toluene is 3.32 K 


kg mol", the normal boiling point of toluene is 110.7°C. 
The enthalpy of vaporization of toluene would by nearly 
(A) 170 kJ mo! (B) 34.0kJ mol" 

(C) 51.0 kJ mol! (D) 68.0 kJ mol! 


The molal elevation constant is the ratio of the elevation in 
boiling point to 

(A) molarity. (B) molality. 

(C) mole fraction of solute. (D) mole fraction of solvent. 
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0.15 g of a substance dissolved in 15 g of a solvent is boiled 
at a temperature higher by 0.216°C than that of the pure 
solvent. Find out the molecular weight of the substance. 
(K, for solvent is 2.16 K kg mol”). 

(A) 1.01 g mol" (B) 10.1 g mol" 

(C) 100 g mol" (D) 1000 g mol" 

Y g of non-volatile organic substance of molecular mass M 


is dissolved in 250 g benzene. Molal elevation constant of 
benzene is K,. Elevation in its boiling point is given by 


M 4K,Y 
A 15) esa all 
(Fy (B) 
K,Y K,Y 
oy ea 13) eal 
iM ar 


The molal boiling point constant of water is 0.573°C kg 
mol’. When 0.1 mol of glucose is dissolved in 1000 g of 
water, the solution boils under atmospheric pressure at 
(A) 100.513°C (B) 100.0573°C 

(C) 100.256°C (D) 101.025°C 


It is more a convenient to obtain the molecular weight of 

an unknown solute by measuring the freezing point depres- 

sion than by measuring the boiling point elevation because 

(A) freezing point depression is a colligative property 
whereas boiling point elevation is not. 

(B) freezing point depressions are larger than boiling 
point elevations for the same solution. 

(C) freezing point depressions are smaller than boiling 
point elevations for the same solution. 

(D) freezing point depression depends more on the 
amount of the solute than boiling point elevation. 


The freezing point of aqueous solution contains 5% by 
mass urea, 1.0% by mass KCl and 10% by mass of glucose 
is (Given that K, of H,O = 1.86 K molal"'.) 

(A) 290.2 K (B) 285.5 K 

(C) 269.93 K (D) 250K 


In 100 g of naphthalene, 2.423 g of S was dissolved. Melting 
point of naphthalene = 80.1°C, AT, = 661°C and latent heat 


of fusion, L,,,=35.7 cal g' of naphthalene. Then the molec- 
ular formula of sulphur added is 

(A) S, (B) S, 

(C) S, (D) Ss 


Osmotic pressure of blood is 765 atm at 310 K. An aque- 
ous solution of glucose that will be isotonic with blood is 
———— %(wi/V). 

(A) 5.41% (B) 3.54% 

(C) 4.53% (D) 53.4% 

A 5% solution (by mass) of cane sugar in water has freez- 
ing point of 271 K. What will be the freezing point of 5% 
glucose in water if freezing point of pure water is 273.15 K? 
(A) 273.15 K (B) 279.07 K 

(C) 260.07 K (D) 203.07 K 


Two elements A and B form compounds having formulas 
AB, and AB,. When dissolved in 20 g of benzene (C,H,), 
1 g of AB, lowers the freezing point by 2.3 K whereas 
1.0 g of AB, lowers it by 1.3 K. The molar depression con- 
stant for benzene is 5.1 K kg mol '. What will be the atomic 
masses of A and B, respectively? 

(A) 26 u, 42.5 u (B) 52u,42.5u 

(C) 26u,85 u 
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The molal freezing point constant for water is 1.86 K. 


molality. If 34.2 g of cane sugar (C,,H,,O,,) are dissolved 
in 1000 g of water, the solution will freeze at 


(A) -1.86° 


(C) -3.92°C 


Which one of the following pairs of solution can we expect 


59. 


Cc (B) 1.86°C 


(D) 3.42°C 


to be isotonic at the same temperature? 


(A) 0.1M 
(B) 0.1M 


urea mid 0.1 M NaCl 
urea and 0.2 M MgCl, 


(C) 0.1M NaCl and 0.1 M Na,SO, 


(D) 0.1M 
60. 


Ca(NO,), and 0.1 M Na,SO, 


What is the percent by mass of iodine needed to reduce the 


freezing point of benzene to 3.5°C? The freezing point and 
cryoscopic constant of pure benzene are 5.5°C and 5.12 K 
molal’, respectively, are 


(A) 20% 
(C) 30% 
61. 


(B) 90.1% 
(D) 9.01% 


The amount of ice that will separate on cooling a solution 


containing 50 g of ethylene glycol in 200 g water to —9.3°C 
is: [K, = 1.86 K molal”] 


(A) 38.71 g (B) 38.71 mg 
(C) 42g (D) 42 mg 
62. At 300 K, 36 g of glucose present in a liter of its solution 


has osmotic pressure of 4.98 bar. If the osmotic pressure 
of the solution is 1.52 bar at the same temperature, what 
would be its concentration? 


(A) 0.061 M (B) 0.61M 
(C) 0.0061 M (D) 6.1M 
63. Nitrobenzene freezes at 278.98°C, 0.25 molal solution of a 


solute in nitrobenzene causes freezing point depression of 


2°C. K, for 
(A) 2Km 
(C) 8Km 
64. 


nitrobenzene is 
olal” 
olal” 


(B) 4K molal'! 
(D) 12 K molal™ 


FeCl, on reaction with [K,(Fe(CN),] in aqueous solution 


gives blue color. These are separated by a semipermeable 
membrane AB. Due to osmosis there is 


(A) blue c 
(B) blue c 
(C) blue c 


olor formation in side X. 
olor formation in side Y. 
olor formation in both sides 


(D) no blue color formation. 


eee Side X:---+@ —---Side Y --=- 


0.01 M FeCl, 


| 


65. 


Consider following cases: 


I:2 M CH,COOH solution in benzene at 27°C where there 
is formation to the extent of 100%. 
I: 0.5 M KCl aqueous solution at 27°C, which ionizes 


100%. 


is/are true statement(s)? 
iscounts 
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(A) both are isotonic. (B) Tis hypertonic. 
(C) ILis hypertonic. (D) none is correct. 


Boiling point of pure H,O is 373.15 K. If 32.5 g of KCN 
is dissolved in 100 mL of H,O, what will the the boiling 
point of solution? (Given K, for H,O =0.52 K kg mo! and 
molar mass of KCN = 65 g mol '.) 

(A) 105.20°C (B) 100.52°C 

(C) 373.67 K (D) 273.67 K 

A 5% solution of cane sugar (mol. wt. = 342 g mol") is 
isotonic with 1% solution of substance X. The molecular 


weight of X is 
(A) 1712 g mol (B) 68.4 g mol" 
(C) 34.2 g mol" (D) 136.2 g mol 


Which of the following aqueous solutions will have the 
lowest freezing point? 

(A) 0.10 M KCI (B) 0.10 M AL, (SO,), 

(C) 0.10 M C,H,, O, (D) 0.10M C,,H,, O,, 
Which of the following solution (in H,O) has highest boil- 
ing point elevation? 

(A) 0.2 M urea (B) 0.1 M K,[Fe(CN),] 

(C) 0.2MK,SO, (D) 0.3 M Glucose 

Arrange the following compounds in order of decreasing 
the depression in freezing point of water of water for the 
same molarity: 


(1) Acetic acid (II) Trichloroacetic acid 
(II) Trifluoroacetic acid 

(A) I>II> TI (B) I>II>I1 

(C) W>I>I (D) HI>T>I1 


The osmotic pressure of a 5% aqueous solution of cane 
sugar at 150°C is (Mol. wt. of cane sugar = 342 g¢ mol'.) 
(A) 4atm (B) 3.4 atm 

(C) 5.07 atm (D) 2.45 atm 


If 32 g of an unknown molecule (assumed to be union- 
ized in solution) dissolved in 200 g of H,O, then eleva- 
tion in boiling point is found to be 1.04°C. Find out the 
molar mass of the unknown molecule (given K, for H,O = 
0.52 K kg mol.) 


(A) 160 g mol (B) 80g mol" 

(C) 40 g mol! (D) 320 g mol" 

The ratio of the value of any colligative property for KCl 
solution to that for sugar is nearly times (for the 
same molality and solvent). 

(A) 1 (B) 0.5 

(C) 2 (D) 2.5 


The freezing point of a solution of acetic acid (mole frac- 
tion is 0.02) in benzene is 2774 K. Acetic acid exists partly 
as a dimer 2A = A, Determine the equilibrium constant 
for dimerization. Freezing point of benzene is 278.4 K and 
K, for benzene is 5 K molal™. 

(A) 3.19 kg mol" (B) 31.9 kg mol! 

(C) 16kg mo!" (D) 16.0 kg mo! 


0.01 M solution each of urea, common salt and Na,SO, are 
taken. The ratio of depression of freezing point is 

(A) 1:1:1 (B) 1:2:1 

(C) 1:2:3 (D) 2:2:3 


If the solution of mercuric cyanide of strength 3 g L™ has 
an osmotic pressure 0.3092 x 10° Nm™ at 298 K, what is 
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the apparent molecular weight and degree of dissociation 


of Hg(CN), respectively? (Given atomic masses as Hg = 
200.61 u, C=12 u,N=14u.) 


(A) 240.2, 2.45% (B) 480.4, 2.45% 
(C) 480.4, 24.5% (D) 240.2, 24.5% 
When mercuric iodide is added to the aqueous solution of 


potassium iodide, the: 

(A) freezing point is raised. 

(B) freezing point is lowered. 

(C) freezing point docs not change. 
(D) boiling point does not change. 


The freezing point of 1 molal NaCl solution assuming NaCl 
to be 100% dissociated in water is (K, for H,O = 1.86°C 


molal'.) 

(A) -1.86°C (B) -3.72°C 

(C) +186°C (D) -3.72°C. 

When 1000 g of 1 molal sucrose solution in water is cooled 


to —3.534°C, the mass of ice separated out at this tempera- 
ture will be (K; for H,O = 1.86 °C molal”.) 


(A) 353.19 g (B) 252.9 g 
(C) 52.98 g (D) 152.98 g 
How much the amount of CaCl, (i = 2.47) dissolved in 


2.5 L of water such that its osmotic pressure is 0.75 atm 
at 27°C? 


(A) 0.3 mol (B) 0.03 mol 
(C) 3 mol (D) 0.003 mol 
What will be the osmotic pressure of a solution prepared by 


dissolving 25 mg of K,SO, in 2 L of water at 25°C, assuming 
that it is completely dissociated? 


(A) 5.27 x 10° atm (B) 52.7x 10° atm 
(C) 26.3 x 10° atm (D) 2.03 x 10° atm 
The values of observed and calculated molecular weights 


of silver nitrate are 92.64 g mol” and 170 g mol", respec- 
tively. The degrees of dissociation of silver nitrate is 


(A) 60% (B) 83.5% 
(C) 46.7% (D) 60.23% 
Which of the following solutions will have the highest boil- 


ing point? 


(A) 1% glucose (B) 1% sucrose 
(C) 1% NaCl (D) 1% CaCl, 
Acetic acid exists in benzene solution in the dimeric form. 


In an actual experiment, the van’t Hoff factor was found to 
the 0.52. Then the degree of dissociation of acetic acid is 


(A) 0.48 (B) 0.88 
(C) 0.96 (D) 0.52 
The average osmotic of human blood is 78 bar at 37°C. 


What is the concentration of an aqueous NaCl solution 
that could be used in the blood stream? 


(A) 0.15 mol L"! (B) 0.30 mol L 
(C) 0.60 mol L™ (D) 0.45 mol L 
Three particles of a solute, A, associate in benzene to form 


species A,. Determine the freezing point of 0.25 molal solu- 
tion. The degree of association of solute A is found to be 
0.80. The freezing point of benzene and its cryoscopic con- 
stant are 5.5°C and 5.12 K molal “ respectively. 

(A) 49°C (B) 4.9°C 

(@) 25°C (D) 25°C 
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Increasing amount of solid Hgl, is added to 1 L of an aque- 
ous solution containing 0.1 mol KI. Which of the follow- 
ing graphs represents the variation of freezing point of the 
resulting with the amount of Hgl, added? 


0.05 0.10 0.05 0.10 
Mole of Hgl. Mole of Hglo 
(D) 
0.05 0.10 0.05 0.10 
Mole of Hgl, Mole of Hgl, 


Equimolal solutions KCl and compound X in water show 
depression in freezing point in the ratio of 4:1. Assuming 
KCI to be completely ionized, the compound X in solution 
must 

(A) dissociate to the extent of 50%. 

(B) hydrolyze to the extent of 80%. 

(C) dimerize to the extent of 50%. 

(D) trimerize to the extent of 75%. 


Among the following, the solution which shows the lowest 
osmotic pressure is: 

(A) 0.10 M NaCl (B) 0.05 M CaCl, 

(C) 0.04 M K,[Fe(CN),] (D) 0.03 M FeCl, 


Calculate the boiling point of a one molar aqueous solu- 
tion (density = 1.04 g mL”) of potassium chloride, K,, for 
water = 0.52 kg mol”. (Atomic masses of K = 39 u, Cl = 
35.5 u) 

(A) 10728°C (B) 103.68°C 

(C) 101.078°C (D) None of these 
Maximum freezing point will be for 1 molal solution of, 
assuming equal ionization in each case, 

(A) [Fe(H,0),]Cl (B) [Fe(H,O),Cl]CL-H,O 
(C) Fe(H,O),CL]Cl:2H,O (D) [Fe(H,O),CL,]:3H,O 


Multiple Correct Choice Type 


1. 


2. 


When a solute is added to a pure solvent, the 

(A) vapor pressure of the solution becomes lower than 
that of the pure solvent. 

(B) rate of evaporation of the pure solvent is reduced. 

(C) solute does not affect the rate of condensation. 

(D) rate of evaporation of the solution is equal to the rate 
of condensation of the solution at a lower vapor pres- 
sure than that in the case of the pure solvent. 


An ideal solution is formed, when 

(A) its components have the same intermolecular attrac- 
tions in solution as in pure components. 

(B) AH,,, = 9. 
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(C) AV yi, > 0. 
(Dy AS a. O, 


. Which is/are correct statement(s)? 


(A) When mixture is less volatile, there is positive devia- 
tion from Raoult’s law. 

(B) When mixture is more volatile, there is negative devia- 
tion from Raoult’s law. 

(C) When mixture is less volatile, there is negative devia- 
tion from Raoult’s law. 

(D) When mixture is more volatile, there is positive devia- 
tion from Raoult’s law. 


. Identify the correct statements. 


(A) The solution formed by mixing equal volumes of 0.1 M 
urea and 0.1 M glucose will have the same osmotic 
pressure. 

(B) 0.1 M K,[Fe(CN),] and 0.1 M AL(SO,), are isotonic 
solutions. 

(C) For association of a solute in a solution, i > 1. 

(D) The ratio of van’t Hoff factors for 0.2 M glucose and 
0.1 M sucrose is 2:1. 


. In the depression of freezing point experiment, it is found 


that the 

(A) vapor pressure of the solution is less than that of pure 
solvent. 

(B) vapor pressure of the solution is more than that of 
pure solvent. 

(C) only ionic molecules solidify at the freezing point. 

(D) only solvent molecules solidify at the freezing point. 


. 1 mol benzene (Pp? ene = 42mm Hg) and 2 mol toluene 


(Prmene = 36 mm Hg) will have: 

(A) total vapor pressure 38 mm Hg. 

(B) mole fraction of vapors of benzene above liquid mix- 
ture is 7/19. 

(C) positive deviation from Raoult’s law. 

(D) negative deviation from Raoult’s law. 


. Which of the following are correct about Henry’s 


constant, K,,? 

(A) Greater the value of K,,, lower is the solubility of the 
gas at the same pressure and temperature. 

(B) K,, decreases with increase of temperature. 

(C) The unit of K,, is bar. 

(D) All noble gases have the same value of K,, at the same 
temperature. 


. The azeotropic solutions of two miscible liquids 


(A) can be separated by simple distillation. 

(B) may show positive or negative deviation from 
Raoult’s law. 

(C) are supersaturated solutions. 

(D) behave like a single component and boil at a constant 
temperature. 


. Solution showing positive deviation from Raoult’s law 


include 

(A) Acetone + Carbon disulphide 
(B) Acetone + Ethyl alcohol 

(C) Acetone + Benzene 

(D) Acetone + Aniline 
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10. 


11. 


12. 


13. 


14. 


15. 


Which of the following is/are incorrect? (M is assumed to 

be equal to m.) 

(A) 1M NaCl solution has higher freezing point than 1 M 
glucose solution. 

(B) 1M glucose solution has same boiling point as J M 
sucrose solution. 

(C) Molecular weight of benzoic acid in benzene will be 
doubled than expected. 

(D) van’t Hoff factor i> 1 if solute undergoes association. 


Which of the following aqueous solution are isotonic (R = 
0.082 atm K"' mol)? 

(A) 0.01 M glucose 

(B) 0.01 M NaNO, 

(C) 500 mL solution containing 0.3 g urea 

(D) 0.04 N HCl 


Which of the following statements are correct about the 

solubility of gases in liquids? 

(A) Mole fraction of the gas in the solution is directly pro- 
portional to the partial pressure of the gas above the 
solution. 

(B) Volume of the gas dissolved measured at the pressure 
used is independent of the pressure of the gas. 

(C) Solubility of gas is always an exothermic process. 

(D) Gibbs energy change of dissolution of a gas may be 
positive or negative. 


Which relations are correct for an aqueous dilute solution 
of K,PO, if its degree of dissociation is @? 


Ap _mx18x(1+3a) 


A 

“ p° 1000 

(p) SP _ Hass x18 (1+ 3a) 
Pp ST x 1000 


Ap = AT; obs x 18 


(C) Ap _ AT; ops X18 
K, x 1000 


p°? K,x1000_ p° 


(D) Mol. wt. of K,PO, = Mol. wt.,,, x (1 + 3a) 


obs 

Two liters of 1 molar solution of a complex salt CrCl,-6H,O 

(mol. wt. = 266.5 g mol) shows an osmotic pressure of 

98.52 atm. The solution is now treated with 1 L of 6 M 

AgNO,,. Which of the following are correct? 

(A) Weight of AgCl precipitated is 861 g. 

(B) The clear solution will show an osmotic pressure 
98.52 atm. 

(C) The clear solution will show an osmotic pressure = 
65.68 atm. 

(D) 2 mol of [Cr(H,O),](NO,), will be present in 
solution. 


Two miscible liquids A and B having vapor pressure in 
pure state p,and p, are mixed in mole fraction x, and 
xX, to get a mixture having total vapor pressure of mixture 
Pro: Which of the following relations are correct? 


(A) x,= Pes —Pt (B) *aw = Protal 
A B 


Ps 


F 
X av) 


16. 


17. 


18. 


19. 


20. 
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Additional Objective Questions 


x 
(Cc) “= Pron. (D) All of these 

Xa) Pa 
1 mol benzene (DPpenvene =42 mm Hg) and 2 mol toluene 


(Primene = 36 mm Hg) will have 

(A) total vapor pressure 38 mm Hg. 

(B) mole fraction of vapors of benzene above liquid mix- 
ture of 7/19. 

(C) positive deviation from Raoult’s law. 

(D) negative deviation from Raoult’s law. 


Dry air is passed though a set of inter connected air tight 
vessel containing a solution of non-volatile solute and then 
through another set of vessels containing pure solvent. If 
the solution and the solvent suffer losses of mass to be w, 
and w,, respectively, then 


(A) w,0 p, (B) w,0 p® 
(C) w,0 p®-p, (D) (w,+w,) 0 p® 
Which pair(s) of liquids on mixing are expected to show no 


net volume change and no heat effect? 
(A) Acetone and ethanol 

(B) Chlorobenzene and bromobenzene 
(C) Chloroform and benzene 

(D) n-Butyl chloride and n-butyl bromide 


Which of the following statements is correct? 

(A) The freezing point of water is depressed by the addi- 
tion of glucose. 

(B) The degree of dissociation of a weak electrolyte 
decreases as its concentration decreases. 

(C) Energy is released when a substance dissolves in water 
provided that the hydration energy of the substance is 
more than its lattice energy. 

(D) If two liquids have form an ideal solution are mixed, 
the change in entropy is positive. 


What does not change on changing temperature? 
(A) Mole fraction (B) Normality 
(C) Molality (D) None of these 


Assertion-Reasoning Type 


Choose the correct option from the following: 

(A) Statement 1 and Statement 2 are True; Statement 2 is 
the correct explanation for Statement 1. 

(B) Statement 1 and Statement 2 are True; Statement 2 is 
NOT the correct explanation for Statement 1. 

(C) Statement 1 is True but Statement 2 is False. 

(D) Statement 1 is False; Statement 2 is True. 


. Statement 1: Gases always tend to be less soluble in liquids 


as the temperature is raised. 


Statement 2: Vapor pressure of liquids increase with 
increase in temperature. 


. Statement 1: The vapor pressure of a liquid is the equi- 


librium constant of liquid—vapor equilibrium at the given 
temperature. 
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Statement 2: The ratio of the lowering of vapor pres- 
sure of a solvent upon dissolution of a non-volatile sol- 
ute to the vapor pressure of pure solvent increases with 
temperature. 


3. Statement 1: Ebullioscopy or cryoscopy cannot be used for 
the determination of molecular weight of polymers. 


Statement 2: High molecular weight solute leads to very 
low value of AT, or AT,. 


4. Statement 1: Reverse osmosis is used to purify saline water. 


Statement 2: Solvent molecules pass from concentrated to 
dilute solution through semipermeable membrane if high 
pressure is applied on solution. 


5. Statement 1: If a solution is heated such that keeping rest 
of all things unchanged, volume is changed, then it also 
brings changes to colligative properties related with it. 


Statement 2: The molarity of solution changes on changing 
the volume of solution for the same amount of solute. 


6. Statement 1: The boiling point of 0.1 M urea solution is less 
than that of 0.1 M KC! solution. 


Statement 2: Elevation of boiling point is directly propor- 
tional to the number of species present in the solution. 


7. Statement 1: Vapor above a mixture of two liquids that 
does not obey Raoult’s law is always richer in more volatile 
liquid. 

Statement 2: Azeotropic mixture gives off a vapor of same 
composition as that of liquid. 


8. Statement 1: Out of various colligative properties, osmotic 
pressure is used for determination of molecular masses of 
polymers. 


Statement 2: Polymer solutions do not possess constant 
boiling point or freezing point. 


9. Statement 1: Azeotropic mixtures are formed only by non- 
ideal solutions. 


Statement 2: Boiling point of an azeotrope is either 
higher than both the components or lower than both the 
components. 


10. Statement 1: Only temperature can change the vapor pres- 
sure of a pure liquid. 


Statement 2: Equilibrium constant does not change unless 
temperature is changed. 


Linked—Comprehension Type 


Read the paragraphs and answer the questions that follow. 


Paragraph I 

On dissolving 68.4 g of sucrose in 1 kg of water, a solution of 
sucrose with molar mass 342 g mol” is formed. K, for water is 
1.86 K kg mol“ and vapor pressure of water at 298 K is 0.024 atm. 


om 
fe 
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1. The vapor pressure of the solution at 298 K will be 
(A) 0.230 atm. (B) 0.233 atm. 
(C) 0.236 atm. (D) 0.0239 atm. 


2. The osmotic pressure of the solution at 298 K will be 


(A) 4.29 atm. (B) 4.49 atm. 
(C) 4.69 atm. (D) 4.89 atm. 
3. The freezing point of the solution will be 
(A) —0.684°C. (B) —0.342°C. 
(C) -0.372°C. (D) -0.186°C. 


4. The mass of sodium chloride that should be dissolved in the 
same amount of water to get the same freezing point will be 
(A) 136.8 g. (B) 32.2 g. 

(C) 5.85 g. (D) 11.60 g. 
5. If on dissolving the above amount of NaCl in 1 kg of water, 


the freezing point is found to be —0.344°C, the percentage 
dissociation of NaCl in the solution is 


(A) 75% (B) 80% 
(C) 85% (D) 90% 
Paragraph IT 


Colligative properties of solutions depend only on the total 
number of solute particles present in solution. In the ionization 
of electrolytes, more particles are present per unit in solution 
due to dissociation. The colligative properties of such electro- 
lytes are correlated with the number of particles by means of a 
factor called van’t Hoff factor, denoted by i. 


6. The van’t Hoff factor for NaCl is 1.4. The degree of disso- 


ciation is 
(A) 40% (B) 100% 
(C) 90% (D) 60% 


7. The ratio of elevation of boiling point for NaCl solution to 
that for sugar of same concentration is 
(A) 1 (B) 2 
(CO) 3 (D) 0.5 


8. A 0.01 M solution of K,[Fe(CN),] is 50% dissociated at 
27°C. Then the osmotic pressure of solution will be 


(A) 0.02 atm (B) 0.61 atm 
(C) 0.78 atm (D) 1.29 atm 
Paragraph III 


A solution is said to be ideal if each of its components obey 
Raoult’s law for the entire composition range. The law states that 
the vapor pressure of any component in the solution depends on 
the mole fraction of that component in the solution and vapor pres- 
sure of that component in the pure state. Solutions are non-ideal if 
they do not obey Raoult’s law over the entire composition range. 
The vapor pressure of the solution is either higher or lower than 
that predicted by Raoult’s law. Depending on the type of devia- 
tion from ideal behavior, non-ideal solutions may be classified as 
showing negative deviation (lower vapor pressure than predicted) 
or positive deviation (higher vapor pressure than predicted). 
However, in either case, corresponding to a particular composi- 
tion, they form constant boiling mixtures called azeotropes. 
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9. Which of the following mixtures do you expect will show 
positive deviation from Raoult’s law? 
(A) Benzene + Acetone 
(B) Benzene + Chloroform 
(C) Benzene + Carbon tetrachloride 
(D) Benzene + Ethanol 


10. An azeotropic solution of two liquids has boiling point 
higher than either of the two liquids when it 
(A) is saturated. 
(B) shows a negative deviation from Raoult’s law. 
(C) shows a positive deviation from Raoult’s law. 
(D) shows no deviation from Raoult’s law. 


11. A solution has a 1:4 mole ratio of heptane to hexane. The 
vapor pressures of the pure hydrocarbons at 20°C are 
440 mm Hg for heptane and 120 mm Hg for hexane. The 
mole fraction of pentane in the vapor phase would be 
(A) 0.200 (B) 0.478 
(C) 0.549 (D) 0.786 


Integer Answer Type 


The answer is a non-negative integer. 
1. van’t Hoff factor of an electrolyte A,B, assuming that it 
ionizes 75% in the solution is 


2. At20°C, the osmotic pressure of urea solution is 400 mm Hg. 
The solution is diluted and the temperature is raised to 35°C, 
when the osmotic pressure is round to be 105.3 mm Hg. 
Determine extent of dilution. 


3. An aqueous: solution containing 5% by weight of urea and 
10% by weight of glucose. What will be the AT, of solution? 
(Given that K, for H,O is 1.86°C kg mol.) 


4. The van’t Hoff factor i for the species [Fe(H,O),(CN),| 
NO,-2H,O is 


5. The freezing point of an aqueous solution of KCN containing 
0.189 mol kg was —704°C. On adding 0.095 mol of Hg(CN).,. 
The freezing point of the solution became —0.53°C. What 
will be new “7” factor of the resulting solution? (Assuming 
that Hg(CN), and KCN are produced the complex.) 


6. A complex is represented as CoCl,-xNH,. Its 0.1 molal solu- 
tion in aqueous solution shows AT; = 0.558°C. K, for H,O is 
1.86 K molal. Assuming 100% ionization of complex and 
coordination number of Co as 6, find the value of x. 


7. The molal lowering of vapor pressure of a liquid is 1.008 
mm Hg at 25°C in a very dilute solution containing non- 
volatile solute. The vapor pressure of liquid at 25°C is 
Z x 10 mm Hg. The value of Z is. (Mol. wt. of liquid = 
18 g mol’) 


8. The depression in freezing point for 1 M urea, 0.5 M glu- 
cose, 1 M NaCl and 1 M K,SO, are in the ratio x:1:y:z. The 
value of x + z is : 
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Additional Objective Questions 


9. The elevation in boiling point for 0.3 molal AL(SO,), solu- 
tion as compared to elevation in boiling point of 0.1 molal 
solution of Na,SO, is times. 


Matrix—Match Type 


1. Match the solutions with their characteristics. 


Column | Column Il 


(A) CH,COOH in H,O 


(p) Neither association nor 
dissociation 

(B) CH,COOH in benzene (q) When a non-volatile 
solute is added 

(t) Molecular mass 
observed greater 
than molecular 
mass actual 


(s) AT yous) > AT; 


(C) Polymer in water 


(D) Vapor pressure of a 
liquid decreases 


(calc) 


(t) van't Hoff factor, i>1 


2. For a solution containing 25% ethanol, 25% acetone, 25% 
acetic acid and 25% water, match the mole fractions of the 
substances with their values. 


Column | Column II 

(A) Mole fraction of ethanol (p) 0.500 

(B) Mole fraction of acetone (q) 0.150 

(C) Mole fraction of acetic acid (r) 0.155 

(D) Mole fraction of water (s) 0.195 
3. Match the columns I and II. 

Column | Column Il 

(A) Azeotropes (p) Molality 


(B) A mixture of CHCl, and (q) Intermolecular 
benzene shows attraction negative 
deviation from ideal 
behavior 


(C) The ratio of observed (r) van't Hoff factor 
molecular mass to 
theoretical molecular 


mass 

(s) Solutions with same 
composition in vapor 
and liquid phase 


(D) The number of moles 
of solute dissolved in 
1000 g of solvent 


(t) Constant boiling 
mixtures 


4. Match the columns I and II using the information below: 
AH,,. = Molar heat of fusion of ice; L,,. = Latent heat of 


fus 


fusion of ice (g') 
AH,,, = Molar heat of vaporization of water; L,,,, = Latent 


heat of vaporization of water (g7') 


fus 
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Column | Column II (C) Mole fraction of H,SO, (r) 0.05 
(A) Molal depression constant of 18x 373x373XR (D) Mass fraction of H,SO, (s) 0.515 
water = “anAnee. 
es 6. Match the columns I and II. Consider constant pressure of 
(B) Molal elevation constant of 373x373xR atm. 
nae 1000L,,,, Column | Column Il 
(C) AT, of solution containing 9.0 18x273x273xR (A) Mixture of two (p) Composition 
g of glucose in 50 g of water (r) T000AH.. immiscible liquids dependent 
“ (B) Solution of two (q) Constant. Independent 
(D) AT, of solution containing (s) 273 x273%R miscible liquids to the relative amounts 
3.0 9 of i 2 f the liquid 
g of urea in 50 g of water 1000AH,,. . 7 of the liquids . 
(t) K, (C) Maximum boiling (r) Constant along with 
point azeotrope composition 
5. For a 5% solution of H,SO, (p = 1.01 g mL"), match the (D) Minimum boiling (s) Constant, composition 
quantities with their values. point azeotrope of solution and vapor 
being identical 
Column | Column II (t) Can be basis of 
(A) Molarity of the solution —_(p) 0.537 spe easomor liquid 


from mixture 
(B) Molality of the solution (q) 0.0096 


Review Questions 


. The formula must be PCl,. The structure is trigonal pyramidal. Molarity = 0.404 M. 


. Due to the tendency for all systems to proceed spontaneously towards a state of randomness. 


. The tendency towards randomness and the new forces of attraction between solute and solvent molecules 
. Al’ ion has the larger hydration energy. 
10. 350¢ 


17. The molarity will be greater than 1.0. 


1 
2 
3. The temperature decreases as the solute dissolves. Lattice energy is numerically larger. 
8 
9 


22. i= 1 for non-dissociating molecular solutes; i > 1 indicates dissociation of the solute; i < 1 indicates association of the solute; 
i= 0.5 indicates the formation of dimers. 


23. The one with the lower molarity. 
26. 10% glucose 
27. Na,CO, 


Numerical Problems 


1. -0.15°C 2. 0.25 3. 0.444 4. 76.95 g 5. 99.2 % 
6. 9.9% 7. — 8. 37.31 atm 9. 800g 10. 120.0 g mol 
n- 
11. i=1/2 12. 80% 13. i=2 14. i=2 15. —0.2°C 
16. (a) (il) < (iv) < (i) < (iii) 17. 179.1 g mol" 18. 0.25 
(b) (iii) < @ < (i) 


(c) (iv) < (VY) < (i) < (ii) < (iti) 
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Answers 


19. 0.604 mol solute per 20. 100.256°C 21. 72 mm Hg 22. IL>T1,>T 
mole of benzene 
23. 68.4 mol” 24. 80% 25. 1:2:3 26. 101.04°C 


Additional Objective Questions 
Single Correct Choice Type 


110) 2. (B) 3. (B) 4. (B) 5. (B) 
6. (A) 7. (A) 8. (B) 9. (D) 10. (B) 
11. (B) 12. (C) 13. (D) 14. (B) 15. (B) 
16. (D) 17. (C) 18. (C) 19. (B) 20. (B) 
21. (A) 22. (B) 23. (B) 24. (A) 25. (B) 
26. (B) 27. (C) 28. (B) 29. (B) 30. (B) 
31. (B) 32. (D) 33. (A) 34. (A) 35. (A) 
36. (B) 37. (D) 38. (C) 39. (C) 40. (C) 
41. (B) 42. (D) 43. (A) 44. (D) 45. (A) 
46. (C) 47. (B) 48. (B) 49. (D) 50. (B) 
51. (B) 52. (B) 53. (C) 54. (D) 55. (A) 
56. (C) 57. (A) 58. (A) 59. (D) 60. (D) 
61. (A) 62. (A) 63. (C) 64. (D) 65. (A) 
66. (A) 67. (B) 68. (B) 69. (C) 70. (D) 
71. (C) 72. (B) 73. (C) 74. (A) 75. (C) 
76. (A) 77. (A) 78. (B) 79. (A) 80. (B) 
81. (A) 82. (B) 83. (D) 84. (C) 85. (A) 
86. (B) 87. (B) 88. (D) 89. (D) 90. (C) 
91. (D) 


Multiple Correct Choice Type 


1. (A,B,C,D) 2. (A,B,D) 3. (C,D) 4. (A,B) 5. (A,D) 
6. (A,B) 7. (A,C) 8. (B,D) 9. (A,B,C) 10. (A,D) 
11. (A,C) 12. (A,B,C) 13. (A,C,D) 14. (A,C,D) 15. (A,B) 
16. (A,B) 17. (A,C,D) 18. (B,D) 19. (A,C,D) 20. (A,C) 
Assertion—Reasoning Type 

1. (B) 2.10) 3. (A) 4. (A) 5. (D) 
6. (A) 7. (D) 8. (C) 9. (B) 10. (A) 
Comprehension Type 

1. (D) 2. (D) 3. (C) 4. (C) 5. (C) 
6. (A) 7. (B) 8. (B) 9. (A) 10. (B) 
11. (B) 

Integer Answer Type 

1. (4) 2. (4) 3. (3) 4. (2) 5. (3) 

6. (5) 7. (6) 8. (8) 9. (5) 
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Matrix—Match Type 


1. A> (s,t);B > (1);C > (p);D > (q) 2. A (s);B > (1);C > (q);D > (p) 
3. A (s,t);B > (q); C > (1); D > (p) 4. A (r,t); B > (p);C > (1,5, t); D > (p, q) 
5. A (s);B > (p);C > (q);D > (1) 6. A (q,t);B > (p, t); C > (1,8); D > (1,8) 
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An equilibrium system is the system in which the macroscopic prop- 
erties of the system, such as temperature, pressure, concentration, 


etc., 


do not change. Any increase in these properties is balanced by a 


decrease in that property within the system. There are two kinds of 
equilibrium. 


1. 


Physical equilibrium: This equilibrium exists between differ- 
ent physical states or when phases undergo transition. These 
phase transformations take place when energy is added to or 
removed from the system and can be of the following types: 


(a) the solid—liquid equilibrium; 
(b) the liquid—gas equilibrium; 
(c) the solid—gas equilibrium; 


For example, the evaporation of a liquid in a closed container 
is an example of a system in equilibrium. The system is said 
to reach a state of equilibrium when the number of molecules 
leaving the liquid surface becomes equal to the number of mol- 
ecules returning back from vapor phase. The equilibrium can 
be represented as follows. 


Liquid state = Vapor phase 


Chemical equilibrium: Consider a chemical reaction taking place 
in a closed container. The reactants first react to form products. 
With the passage of time, the concentration of reactants decreases 
while that of products increases, till a stage of chemical equilib- 
rium is reached where there is no further change in concentra- 
tions of either reactants or products. This state of equilibrium is 
also not static, instead a chemical equilibrium is a dynamic sys- 
tem in which two or more opposing chemical reactions are going 
on at the same time and at the same rate. 
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The chemical reactions that do not go to completion and can occur in either direction are called reversible 
reactions. When the rate of the forward reaction is exactly equal to the rate of the reverse reaction, a condition of 
chemical equilibrium exists. The mixture of reactants and products in the equilibrium state is called an equilibrium 
mixture. The nature of the equilibrium mixture is determined by the extent of reaction as follows: 


(a) The reaction has almost proceeded to completion and very small concentrations of reactants are left, which 
are undetectable by experimental methods. 


(b) The concentrations of reactants and products are comparable. 


(c) The reaction has proceeded only to asmall extent,so amount of products is small and reactants are predominant. 


In this chapter, we will learn about characteristics of systems in chemical equilibrium. However, before that we 
will first look at equilibrium involving physical changes. 


9.1 | PHYSICAL EQUILIBRIA 


The physical equilibrium can be attained in closed system. The rate of change between the phases is the same at equi- 
librium. Thus, the equilibrium is stable yet dynamic because two opposing processes take place simultaneously. 


Solid-Liquid Equilibrium 


Consider the solid—liquid equilibrium in water and ice in a glass containing ice cubes: 
Ice (solid) = Water (liquid) 


The ice cubes melt to form water and some water in contact with ice may freeze back to ice. A dynamic equilibrium 
exists at 0°C (273 K). At the surface of ice, the molecules of ice convert into water and the liquid water molecules 
in close contact with ice are converted back to ice. The equilibrium is disturbed as the temperature rises and the ice 
eventually melts into water. However, if ice cubes and water are kept at 0°C in an insulated container at atmospheric 
pressure, no exchange of heat takes place between the container and the surroundings. The mass of ice and water 
continues to be the same because these two opposing processes take place at the same time and at the same rate. A 
state of equilibrium is obtained where the mass of ice and water do not change with time and temperature remains 
constant. This temperature at which solid and liquid phases coexist in equilibrium is called the melting point of solid 
or the freezing point of the liquid. 


Note: The temperature at which the substance melts at 1 atm pressure is known as the normal melting point of the 
solid (or normal freezing point of the liquid). The energy required to melt one mole of a solid is called molar heat 
of fusion and is usually expressed in kilojoules. 


Liquid—Vapor Equilibrium 


Consider liquid—vapor equilibrium in conversion of water into its vapor. This phase change when a liquid is trans- 
formed into a gas is known as evaporation or vaporization. On heating, the kinetic energy of the molecules increases, 
and hence more molecules can escape the surface of the liquid. 

Consider a transparent container with a U-shaped tube carrying mercury (manometer). The air inside the con- 
tainer is dried and some water is added to the vessel. Initially, the mercury levels in the U-shaped manometer tube 
are the same. After some time, the amount of water in the container is reduced and the mercury rises in the right side 
of the manometer tube. Eventually, the mercury level stabilizes and no further increase is observed. This happens 
because initially, when water is introduced into the container, no vapor phase exists. When the process of evaporation 
or vaporization starts, the water molecules begin to leave the liquid surface and a vapor phase is established. Once 
a fair amount of vapor is present, a measureable vapor pressure develops and the mercury rises in the manometer. 
As the number of water molecules in vapor phase increase, some of them strike the liquid surface and are converted 
back to liquid phase and the process is known as condensation. After sometime, the rate of evaporation becomes 
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equal to the rate of condensation and a state of dynamic equilibrium is achieved (Fig. 9.1). The equilibrium can be 
represented as 


Water (liquid) = Water (vapor) 


Vapor pressure Vapor pressure 
Initial conditions increasing constant 
Hg a ae Hg how da ae Hg 
— in Leh of in | _._h. t¥ in 
Liquid water Liquid water Liquid water 
tube tube tube 


Figure 9.1 Measurement of equilibrium vapor pressure of water. 


The vapor pressure measured when a dynamic equilibrium exists between condensation and evaporation is known as 
equilibrium vapor pressure (or just the vapor pressure of water). The vapor pressure of a liquid increases with increase 
in temperature and when it becomes equal to the external pressure, the liquid begins to boil. The vapor pressure is 
specific for a substance. 


Note: For any pure liquid at 1 atm pressure, the temperature at which the vapor pressure becomes equal to the 
external pressure is known as the normal boiling point of the liquid. For water, the boiling point at 1 atm (or 1.013 
bar) in a closed container is 100°C. The energy required to vaporize one mole of liquid is known as molar heat of 
vaporization and is usually expressed in kilojoules. 


Solid—Vapor Equilibrium 


The process by which a solid is directly converted into vapor state is known as sublimation. Consider solid—vapor equi- 
librium in sublimation of iodine. When iodine is placed in a closed vessel, the vessel gets filled with violet vapors of 
iodine after sometime. The intensity of the color increases for some time and then becomes constant. This corresponds 
to the state of dynamic equilibrium where the rate of conversion of solid iodine to vapor is the same as the rate at which 
iodine vapors condense back to solid iodine. 


Iodine (solid) = Iodine (vapor) 


Note: The energy required to sublime one mole of a solid is known as molar energy of sublimation and is usually 
expressed in kilojoules. 


Equilibrium in Dissolution of Solids and Gases in Liquids and Henry's Law 


The dissolution of solids or gases in liquids suggests the existence of some kind of equilibrium between the dissolved 
substance (gas or solid) and the liquid. 


1. Solids in liquids: The amount of solid that dissolved in a liquid varies with temperature. The amount of substance 
that dissolves in a given amount of solvent is known as its solubility at that temperature. The change of temperature 
will alter the solubility of a solid in a liquid. When the maximum amount of solid is dissolved in a given amount of 
liquid at a specific temperature, the solution is said to be a saturated solution. The concentration of the saturated 
solution depends on temperature. The dynamic equilibrium that exists between sugar molecules dissolved in the 
solution and molecules in solid form in a saturated solution is as follows: 


Sugar (solution) = Sugar (solid) 


2. Gases in liquids: The fizzing sound that results when a sealed bottle or can of aerated drink is opened can be 
explained on the basis of difference in solubility of gases in liquids with change in pressure. At a given pressure, 
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equilibrium exists between the gas (carbon dioxide in this case) molecules dissolved in the liquid and those in 
gaseous state. This can be represented as 


CO, (gas) = CO, (in solution) 


The amount of gas dissolved is determined by the pressure. On opening the can, the pressure increases to the 
atmospheric pressure, the gas dissolved in solution decrease and escapes; a new equilibrium is established for the 
new pressure conditions. At equilibrium, the amount of gas dissolved in a given mass of liquid at any temperature 
is proportional to the pressure of the gas above the liquid and this is known as Henry’s law. 


Henry’s law (also called the Pressure-Solubility law) states that the concentration of a gas dissolved in a given volume 
in a liquid at any given temperature is directly proportional to the partial pressure of the gas over the solution. 


Cas = Ky Peas (K,, is constant) (9.1) 


where C,,, is the concentration of the gas and p,,, 1s the partial pressure of the gas above the solution. The pro- 
portionality constant, K,,, called the Henry’s law constant, is unique to each gas. The equation is true only at low 
concentrations and pressures and for gases that do not react with the solvent. An alternate (and commonly used) 
form of Henry’s law is 


<1 = 2 (9.2) 


Characteristics of Physical Equilibria 


The characteristic feature of physical equilibria corresponding to phase transformations and dissolution of solids and 
gases in liquids are as follows. 
1. For a liquid—vapor equilibrium, the vapor pressure is constant at a given temperature. 


2. For a solid-liquid equilibrium, at atmospheric pressure, the two phases coexist at one temperature which is known 
as the melting point of solid or freezing point of the liquid. 


3. For dissolution of solids in liquids, the solubility is constant at a given temperature. 
4. For dissolution of gases in liquids, the concentration of gas in the solution is proportional to the pressure over the 
liquid, at a given temperature. 


The general features of systems in physical equilibrium are as follows: 


1. Equilibrium can be observed only in closed system at a given temperature. 
2. At the macroscopic level, there is no measurable change in the properties of the system. 


3. At molecular level, two equal and opposite processes take place at the same rate, so the equilibrium is dynamic in 
nature. 


4, The physical equilibrium is characterized by constant value of any one parameter, such as concentration and pres- 
sure, at constant temperature. The magnitude of these quantities will determine the extent of physical change the 
system will undergo before it reaches the stage of equilibrium. 


9.2 | CHEMICAL EQUILIBRIA - DYNAMIC EQUILIBRIUM 


Chemical reactions are reversible in nature to some extent and only a few reactions proceed only in one direction. 
Consider the following reversible reaction which is carried out in a closed container: 


A+B = C+D 
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Initially, the reactants undergo forward reaction to form products. However, 
once some products are formed the reverse reaction also becomes feasible. 
As time progresses, a decrease in the rate of forward reaction is observed and 
the rate of reverse reaction increases. But gradually, the system is said to be in 
chemical equilibrium when the rate of forward reaction is equal to the rate of 
backward reaction. The state of chemical reaction when the concentrations of 
the reactants and products do not change with time is called equilibrium state. 


[C] and [D] 


Concentration 


[A] and [B) In this state, the measurable properties of the system such as pressure, den- 

Time fog sity, concentration or color do not undergo any noticeable change with time 

under the given set of condition. The state of equilibrium is dynamic because 

Figure 9.2 Variation in the two processes (a forward reaction in which reactants give product(s) and a 

concentration of species present backward or reverse reaction in which product(s) combine to give the original 

in the reaction A+B—=C+D reactants) are occurring simultaneously, but at the same rate. As a result, the 
system as equilibrium is concentration of reactants and products remains constant (Fig. 9.2). 


approached. 


Note: Chemical equilibrium can be attained only in a closed system because in an open system, where the products 
are removed from the reaction mixture, the reaction would continue till one of the reactants is used up completely. 


For graphical illustration (Fig. 9.3) of a reversible 
reaction and the point of equilibrium, consider A,+B, = 2AB 
the following reversible reaction which is carried 
out in a closed container: A 
Based on this graphical representation and 
above observations, the characteristic features 
of chemical equilibrium state can be summa- 
rized as follows: 


Forward reaction 
A, +B, — 2AB 
Equilibrium 


Increasing rate 
of reaction 


1. It is established in a closed system. 


: sos Reverse reaction 
2. It is dynamic in nature. 


1 
ee 2AB — A, +B, | 
3. At equilibrium state, the rate of forward : > 
and backward reactions is the same. _ 4 Li ¢ 
PSS SSS SS cae SS52s5S= } 
4. At equilibrium state, the concentration of Time X (start): Time Y: Time Zand later (equilibrium): 
the reactants and products remains constant. Forward reaction Forward reaction Forward and reverse 
5. It can be attained either from the reactants Beals tevetes decreasing, reverse ReACTOnS OCeurAng 
reaction zero reaction increasing at equal rates 


or the products side. At equilibrium, each 

reactants and product has fixed concentra- Figure 9.3 A,, B, and AB in equilibrium. 
tion, irrespective of which side the reaction 

is approached. 


6. It is not affected by the presence of a catalyst. However, the equilibrium state can be attained in lesser time by use 
of positive catalyst. 


The reaction between H, and I, provides another example of chemical equilibrium (Fig. 9.4): 


700 K 


H,(g)+1,(g) 


This equation represents the condition if the reaction were 100% complete, 2.00 mol HI would be formed, and no H, 
and I, would be left unreacted. When the equation is 79% complete, we have the following equation: 


2HI(g) 


700 K 
H,(g) + 1,(g) 2HI(g) 
0.21 mol 0.21 mol 1.58 mol 


This equation represents the actual equilibrium attained starting with 1.00 mol each of H, and I,. It shows that the 
forward reaction is only 79% complete (Fig. 9.4). 
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This reversible reaction also shows all the characteristics of chemical i [HI] 
equilibrium. We can attain the equilibrium by starting with HI. Initially, the 
concentration of HI will decrease and that of H, and I, will increase until the 
equilibrium is reached and the composition of the mixture becomes constant. 

Dynamic nature of equilibrium can be explained on the basis of molecular 
kinetic theory. The molecules of reactants are in constant motion and collide 
with one another with sufficient energy and proper orientation to break bonds 
and form new ones that lead to formation of products. Once the products are 
formed, the product molecules collide with each other and bonds are broken Time (s) 
and formed to yield back the reactants. In the initial stage of reaction, the con- 
centration of reactant molecules is more, so their bonds are broken predomi- 
nantly to form products. However, as the concentration of product molecules 
increases, their collisions and bond breaking and making also become effective. 
Eventually, a state of equilibrium is reached where the two rates become equal. 


Concentration (M) 


[Halla] 


Figure 9.4 Plot of molar 
concentration vs. time for 
formation of HI. 


9.3 | LAW OF CHEMICAL EQUILIBRIUM AND EQUILIBRIUM CONSTANT 


Law of Mass Action 


According to law of mass action, the rate of a reaction is proportional to the product of effective concentration of the 
reacting species (active masses), each raised to a power which is equal the corresponding stoichiometric number of the 
substance in the balanced chemical equation. 

Consider the gaseous reaction of hydrogen with iodine to form hydrogen iodide. 


H,(g)+ 1,(g) = 2HI(g) 
The fraction used to calculate the values of equilibrium concentrations 


[HI] 
[H, JI] 


is called the mass action expression. Now consider a general reversible reaction A+ B = C +D. If the active masses 
of reactants and products are [A] [B] [C] [D], respectively, then according to law of mass action: 


Rate of forward reaction «[A][B] = k,[A][B] 
Rate of backward reaction «[C][D] = &,[C][D] 


where k, and k, are the rate constants for the forward and backward reactions. At equilibrium, the rates of forward and 
backward reaction become equal, so 


k,[A][B]= &,[C][D] > “= Ale! (9.3) 


Equation (9.3) is called law of chemical equilibrium or the equilibrium law. According to this law, the rate of a reaction 
is proportional to the product of effective concentration of the reacting species, each raised to a power that is equal 
the corresponding stoichiometric number of the substance in the balanced chemical equation. The constant K,, which 
characterizes this equilibrium system, is called the equilibrium constant (the subscript C because we write the mass 
action expression using molar concentrations). 

Let us now try to understand the effect of change of concentration of one of the reactants on the equilibrium expres- 
sion. In the above-stated reversible reaction, if the concentration of B is increased, the following results are observed: 


1. The rate of the reaction to the right (forward) increases. This rate is proportional to the concentration of A times 
the concentration of B. 


2. The rate to the right becomes greater than the rate to the left. 
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3. Reactants A and B are used faster than they are produced; C and D are produced faster than they are used. 
4. After a period of time, rates to the right and left become equal, and the system is again in equilibrium. 


5. In the new equilibrium, the concentration of A is less and the concentrations of B, C and D are greater than in the 
original equilibrium. 


Applying this change in concentration to the equilibrium reaction mixture of 1.00 mol of hydrogen and 1.00 mol of 
iodine, we find that, when an additional 0.20 mol I, is added, the yield of HI (based on H,) is 85% (1.70 mol) instead 
of 79%. Here is how the two systems compare after the new equilibrium mixture is reached: 

Initially, [H,] = decreases, [I,] = increase and [HI] = decreases. 

At equilibrium, 


Original Equilibrium 1.00 mol H, + 1.00 mol I, Yield: 79% HI Equilibrium mixture contains: 1.58 mol HI, 
0.21 mol H,, 0.21 mol I, 

New Equilibrium 1.00 mol H, + 1.20 mol I, Yield: 85% HI Equilibrium mixture contains: 1.70 mol HI, 
(based on H,) 0.15 mol H,, 0.35 mol I, 


Analyzing this new system, we see that when 0.20 mol L, is added, the equilibrium shifts to the right to counteract the 
increase in I, concentration. Some of the H, reacts with added I, and produces more HI, until an equilibrium mixture 
is established again. When I, is added, the concentration of I, increases, that of H, decreases and that of HI increases. 
In the new system, [H,] decreases, [I,] increases and [HI] increases. 

Equation (9.3) can be written for the hydrogen—iodine reaction as follows: 


_[HI(s))" 
[H, (@)][1.(8)] 


Now consider a general reversible reaction: 


aA+bB —=cC+dD 


- x -Crer (9.4) 
[A]‘[B]’ 


The equilibrium constant may be defined as the ratio between the product of the molar concentrations of the products 
to that of the product of molar concentrations of reactants, with each concentration term raised to power equal to 
stoichiometric coefficient in the balanced chemical equation. 


Equilibrium Constants K, and K, 


For gaseous reactions, since gas pressures are more conveniently measured, the equilibrium law expressions for gase- 
ous reactions are written using partial pressures instead of molar concentrations. Thus, the concentration or active 
masses in Eq. (9.4) can be replaced by partial pressures to give 


ee [pel x[Pp] (9.5) 
where P,, Pp, Pc and py the partial pressures of A, B, C and D, respectively and K, is called pressure equilibrium 


constant. 
Consider the reaction N,O,(g) — 2NO, (g). The equilibrium law expression is 


K = Pwo, 


Pp 


Pn,o, 
where Pwo, and Pwo, are the partial pressures of NO, and N,O, at equilibrium. 
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Relationship between K, and K, 


The two equilibrium constants can be related using the ideal gas equation as follows: 


pV =nRT 
n 
or p=—xRT=CRT 
V 


as number of moles per unit volume is equal to concentration. 


Consider the reaction aA+bB = cC+dD. Substituting this value of p in Eq. (9.7), we get 


x, [CLR [DP RTT _ [CT x[DP  gpies-iesy 
[A}'[R7)' x[BP (RT) [A]'x[B] 


where (c + d)—(a + b) = An,, that is, number of gaseous moles of products — number of gaseous moles of reactants. 
Therefore, 


ho hei) (9.6) 


From Eq. (9.6), we have the following observations: 


1. When the number of moles of products is equal to that of the reactants, that is, An = 0; K,=Ke 
2. When the number of moles of products is more than that of the reactants, that is, An>0; K,>K¢. 
3. When the number of moles of products is less than that of reactants, that is, An<0, K,<K,. Here An =-1. 


The value of equilibrium constant depicts the following characteristic features: 


1. It is constant for a reaction at a given temperature and varies with change in temperature. For an endothermic 
reaction, it increases as the temperature is increased; and for an exothermic reaction it decreases as the tempera- 
ture is increased. 


2. It is independent of the original concentration of reactants and presence of the catalyst. 


3. It is independent of the direction from which equilibrium is attained and the nature and number of steps involved 
in the reaction. 


4. When it is large, the equilibrium of the reaction lies towards the products side. 


5. For the reverse reaction, it is equal to the inverse of value for the forward reaction. 


Note: The expression for equilibrium constant is derived based on thermodynamics, so technically each concen- 
tration term must be divided by its standard state value before it is put in the expression. This makes the value of 
equilibrium expression unitless. For substances in solution, the standard state is one molar concentration, so each 
concentration must be divided by 1molL" concentration, which does not alter the expression for equilibrium 
constant, if the concentrations are molarities. For gases, the standard state is 1 bar, so concentration of each gas is 
divided by concentration at that pressure or partial pressure of each gas must be divided by 1 bar. However, for 
the sake of simplicity these values are not included in the expression for equilibrium constant. 


Units of K, and K, 


Concentration is generally expressed in moles per liter and pressure in atmospheres. The units of K, and K, depend 
on the stoichiometry of the reaction. Consider the following cases: 
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Case 1: When the total number of moles of reactants and products are equal. For example, H,(g)+I,(¢) = 2HI(g) 


2 -1)\2 
Ko= Eu = aoe ) =~ = No units 
[H,][1,] (mol L~)x(mol L~) 
2 2 
K= Pen ____\ann) = No units 


Pp 


Pu, P1, _ (atm) x (atm) 


Thus, for such reactions, K, and K, are without any units. 


Case 2: When the total number of moles of reactants and products are unequal. For example, N,O,(g) = 2NO,(g) 


_[NO,} _ (mol L*)’ 


a —~= mol L" 
[N,O,] (molL~) 
2 2 
K,= NOs (ONE. atm 
Pn,o, (atm) 


In such reactions, K, will have units (molL”)” and K, will have the units (atm) where An = total number of 
moles of products — total number of moles of reactants. 


Solved Example | 9-1 | 


At 500°C, the reaction between N, and H, to form ammo- 
nia has K.= 6.0 x 10°. What is the numerical value of x, 
for the reaction N,(g)+3H,(g) = 2NH,(g)? 


Solution 
The tool we need to convert between K, and Kis 
K, =K(RT)" (1) 


In the discussion above, we saw all we need now are 
appropriate values of R and T. (When used to stand for 
temperature, a capital letter T in an equation always 
means the absolute temperature.) Next, we must choose 
an appropriate value for R. Referring back to equation 
(p = CRT) and this is the only value of R that can be used 


in Eq. (1). We can see that An = —2 for this reaction. The 
temperature 7 must be expressed in kelvins and if the par- 
tial pressures are expressed in atm and the concentration 
in mol L the only value of R that includes all of these 
units (L, mol, atm and K) is R = 0.0821 L atm mol K". 
From the given data, then, we have K, = 6.0 x 10°, 
An =-2mol, T= 500 + 273 = 773 K and R = 0.0821 L atm 
mol 'K‘. Substituting these into the equation for K, gives 


K,, = (6.0 x 10™) x[(0.0821) x (773)]* 
= (6.0x107)(63.5)° =1.5x 107 


In this case, K, has a numerical value quite different from 
that of K,. 


Solved Example | 9-2 | 


The equilibrium constant K, for the reaction 
N,+3H, = 2NH, is 0.5 L’mol” at 400 K. Find K,, given 
that R = 0.082 1 atm K“ mol". 

Solution 


The given equilibrium is N,(g)+3H,(g) = 2NH,(g) 


where An = 2 — (1 +3) =-2. Substituting the values of An, 
K., Rand T we get K,, as 


K, = K-(RT)" = 0.5% (0.082 x400)* = 4.636 x 10 atm? 
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Solved Example 9-3 | 


(WuNacagemyplusaiscounts 


Calculate the K, and K, for the following reactions and 
also deduce the relationship between K, and K,,. 


(a) 2SO,(g)+0,(g) = 2SO,(g) 
(b) >N,(g)+3H,(g) = NH,(g) 


Solution 
(a) 2SO,(g)+O,(g) = 2SO,(g) applying law of mass 
action, 
2 2 
a= ISOs] and K,= = 
[SO,}[O, | Pso0, * Po, 


We know that, K, = K.(RT)™ where 


K 
An=2-(2+1)=-1=>K,=55 


(b) >N,(g)+3H,(g) = NH,(g) 


NH : 
Ko= & a yr and k= — 3/2 
[N,] “[H,] Py, * Pu, 
Now, K, = K,(RT)™ where 


An=1 (+5 )--14« ese 
2-2 P RT 


Solved Example | 9-4 | 


Consider NH,COONH,(s) = 2NH,(g)+CO,(g) in a 
closed vessel at equilibrium after dissociation. Now, NH, 
is added such that the partial pressure of NH, is equal to 
the original total pressure. Calculate the ratio of the total 
pressure now to the original total pressure. 


Solution 
Let the original pressure be p. Then, we have py, = : Dp 


1 
and Pco, = 3? 


According to the reaction, we have 


ee aree | 4 
2 1} 
K, = Pxu, * Pco, = & x (5) = WP 
; ee 2 
On adding NH,, it is given that py, = a p. So, 
i, = Dae, X Pco, = P Des, 


Ae. 4 
7? =p * Poo, = Poo, = 55 P 


or 


Total pressure = Pyy, + Pco, =P + 


Therefore, the ratio of total pressure to original pressure 
is 31/27. 


Solved Example | 9-5 | 


One of the reaction that takes place in producing steel 
from iron ore is the reduction of iron (II) oxide by carbon 
monoxide to give iron metal and CO,,. 


FeO(s) + CO(g) = Fe(s)+CO,(g) K, =0.265 at 1050 K 


What are the equilibrium partial pressures of CO 
and CO, at 1050 K if the initial partial pressures are 
Pco = 14 atm and peo, = 0.80 atm? 


Solution 
For this reaction at equilibrium 


_ Pco, 
Pco 


kK = 0.265 > Poo, = K,Pco = 9.265 Poo 


Sum of initial partial pressures = poo + Poo, 
=1.44 atm+0.8 atm 
=2.2 atm 
Sum of partial pressures at equilibrium = pg + 0.265 poo 
= 1.265 Peo 
As there is no change in the number of moles of gaseous 


components during the reaction, we have 


2.2 atm 
1.265 


= 1.74 atm 


1.265 pe, = 2.2 atm > Poo = 


SO, Poo, = 9.265 X Peo = 0.265 x 1.74 atm = 0.46 atm 
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Characteristics of Equilibrium Constant 


Let us consider another example of reaction between CINO, and NO that eventually reaches equilibrium at a given 


temperature. 
CINO, (g) + NO(g) = NO, (g) + CINO(g) 


No matter what combination of concentrations of reactants and products we start with, the reaction reaches equilib- 
rium when the ratio of the concentrations defined by the equilibrium constant expression is equal to the equilibrium 
constant for the reaction at the chosen temperature. We can start with a lot of CINO, and very little NO, or a lot of 
NO and very little CINO,. It does not matter. When the reaction reaches equilibrium, the relationship between the 
concentrations of the reactants and products described by the equilibrium constant expression will always be the same. 
At 25°C, this reaction always reaches equilibrium when the ratio of the concentrations is 1.3 x 10°. 


[NO, ][CINO] 


K= =1.3x10* (at 25°C) 
[CINO, ][NO] 


where K is always reported without units. However, any calculations using K require the concentration of the products 
and reactants to be in units of molarity (moles liter”). 

If a chemical equation is multiplied by a common factor (7), then the new equilibrium constant should also reflect 
the change. For example, the equilibrium constant of the following reaction is Ke. 


4NH,(g) +50, (g) = 5NO(g) + 6H,O(g) 


When multiplied by 1/2, the reaction becomes 
2NH,(g)+ +O, (g) = 2NO(g) + 3H,O(g) 


The new equilibrium constant would be K”= K'”. 
Some characteristics of equilibrium constant based on these observations are listed as follows: 
1. For any reaction, K is constant for a specific temperature. 
in =) - AH 1 1) 
K,) 2.303R\7T, T; 
2. It is independent of the initial concentrations of the reactants. For example, for the following reaction in aqueous 
medium 


A+B=C+D 
[C][D] 
[A][B] 
Now, let us consider if under the following changes, K increases, decreases or remains constant. 
(a) A is added 


(b) B is removed 


(c) Concentration of C is doubled 

(d) Concentration of D is halved 

(e) An inert gas E is added 

K remains constant in all the above cases. 
3. It is independent of presence of catalyst and inert materials in the reaction. 
4. It is independent of the direction from which the equilibrium is attained. 
5. It is dependent on the representation of the reaction. 

(i) For the reactions 

A=B C=D 

[D] 


K,=1 K-22 
[A] ~ [Cc 
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(a) On addition of reactions K’s get multiplied. 


A+C—B+D 


_ [BILD] 
© [AJC] 
Here K,=K,K, 


(b) On subtraction of reactions, K’s get divided. 


A-C=B-D 


A+D—B+C 
x, [AID] 
[B][C] 
Here K, == 
K, 


(una 


rnarlamuunlhoendaennlintc 
wMunacaqgemypiusaiscounts 


(ii) The equilibrium of the backward reaction is the reciprocal of the equilibrium constant of the forward reaction 


A+B=C+D Ke= eID! 


[A][B] 
C+D—AG+B K’= [A][B] 
[C][D] 
Therefore, i= El 
K 


(9.7) 


(iii) If a chemical equation is multiplied by a common factor (”), then the new equilibrium constant should also 


reflect the change. For example, 


A+B=C+D poles 
[A][B] oS 
nA+nB=nC+nD K’= ij {aE SUK} 
[A]}"[B] 
Note: The relation between reaction type and the equilibrium constant can be summarized as 
Reaction aA+bB—cC+dD cC+dD—>aA+bB naA +nbB > ncC +ndD 
Equilibrium constant K Kae = KE IK 


Rules for Writing Equilibrium Constant Expressions 


Any reaction that reaches equilibrium, no matter how simple or complex, has an equilibrium constant expression that 


satisfies the following rules. 
1. 


Even though chemical reactions that reach equilibrium occur in both directions, the substances on the right side of 


the equation are assumed to be the “products” of the reaction and the substances on the left side of the equation 


are assumed to be the “reactants” 


The products of the reaction are always written above the line, in the numerator. 
. The reactants are always written below the line, in the denominator. 
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4. For systems in which all species are either gases or aqueous solutions, the equilibrium constant expression contains 
a term for every reactant and every product of the reaction. 

5. The numerator of the equilibrium constant expression is the product of the concentrations of each species on the 
right side of the equation raised to a power equal to the coefficient for that component in the balanced equation 
for the reaction. 

6. The denominator of the equilibrium constant expression is the product of the concentrations of each species on 
the left side of the equation raised to a power equal to the coefficient for that component in the balanced equation 
for the reaction. 


Solved Example | 9-6 | 


Write the equilibrium constant expression for each of the All concentrations are raised to the power equal to the 


following reactions. coefficient for the species in the balanced equation. 
(a)_N,(g)+3H,(g) + 2NH,(g) x -_LNELE 
(b)_ 4NH,(g)+50,(g) = 4NO(e) + 6H,0(g) ae 
NO}'[H,O]° 
(c) PCI,(g)+Cl,(g) = PCI, (b) K= Pee 
(g)+Cl,(g) s(8) INH. JO, | 

d) 2NO,(g)=N,0, 
(d) 2NO,(g) (g) eke, lPCll 
(e) 2SO,(g) = 2SO,(g)+0,(g) [PCI ][C1, ] 
Solution _ [N,0,] 

(d) K [NO,/ 


In each case, the equilibrium constant expression is 
the product of the concentrations of the species on the [SO,?'[0,] 
right side of the equation divided by the product of the (e) K=———=* 
concentrations of those on the left side of the equation. 


Solved Example | 9-7 | 


What is the value of K, for the following system at Solution 
equilibrium? NO. 
For this reaction, K = ENO 2 


NO}’[O 
2NO(g)+0,(g) = 2NO, (2) er 
_ [0.0320] 
At a given temperature, the equilibrium concentrations [0.890]° [0.250] 
of the gases are [NO] = 0.890 M, [O,] = 0.250 M and [NO,] 1.024107 
= 0.0320 M. pies 5.17% 10" 


Solved Example | 9-8 | 


The rate constant for the following reaction is 1.3 x 10° at Solution 
25°C. What happens to the magnitude of the equilibrium 
constant for a reaction when we turn the equation around? 


CINO, (g) + NO(g) = NO, (g)+CINO(g) 


The magnitude of the equilibrium constant of backward 
reaction will be inversed. 
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Solved Example | 9-9 | 


The first equilibrium expression (K) asrepresented bythe The equilibrium expression for the second equation, 
first chemical equation is 5.81 x 10’ at 700K. Calculate SO,(g) =SO,(g)+40,(g) is 
the value of the equilibrium expression for the second 


equation at the same temperature. Kz [SO,][O,]"” 
[SO] 
2SO,(g) = 2SO,(g) + O,(g) 
SO,(g) = SO,(g)+4+0,(g) Notice the relationship between the two equilibrium 
: expressions 
Solution [SO,'[0,] _[$0,][0,]™ 
st . (so, [SO,] 

The equilibrium expression for 2SO,(g) = 2SO,(g) . 
+0,(g) is, The equilibrium constant of the second equation is the 


square root of the first. 


[SO,} V5.81x107 = 7.6210“ 


9.4 | HOMOGENEOUS AND HETEROGENEOUS EQUILIBRIA 


Chemical equilibrium can be classified into two groups — homogeneous and heterogeneous equilibria. A homogene- 
ous equilibrium is established in a system where all reactants and products are in the same phase, such as in a system 
containing only gases or liquids or solids. Some examples are as follows: 


280, +O, = 280, 
CH,COOH(I) + C,H,OH(1) = CH,COOC,H, (1) + H,O(1) 


Equilibria among gases are homogeneous because all gases mix freely with each other, so a single phase exists. There 
are also many equilibria in which reactants and products are dissolved in the same liquid phase. 


A heterogenous equilibria is established in a system where the reactants and products are in more than one phase, 
such as between solid and liquid, liquid and gas, solid and gas, etc. 


CaCO,(s) = CaO(s) + CO, (g) 
CuO(s) + H, (g) = Cu(s) + H,O(g) 


If NaHCO, is placed in a sealed container so that no CO, or H,O can escape, the gases and solids come to a hetero- 
geneous equilibrium. 


2NaHCO,(s) = Na,CO,(s) + H,O(g)+ CO, (g) 
The equilibrium law for this reaction can be written as 


[Na,CO,(s)] [H,O(g)] [CO,(g)] 


=K 
[NaHCO,(s)|’ 


However, the equilibrium law for reactions involving pure liquids and solids can be written in an even simpler form. 
This is because the concentration of a pure liquid or solid is unchangeable at a given temperature. For any pure liquid 
or solid, the ratio of amount of substance to volume of substance is a constant. For example, if we had a 1 mol crystal of 
NaHCO,, it would occupy a volume of 38.9cm’. Two moles of NaHCO, would occupy twice this volume, 77.8 cm’, but 
the ratio of moles to liters (i.e., the molar concentration) remains the same. 
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1 mol NaHCO, 1 mol NaHCO, 
38.9 cm* 77.8 cm° 
iueiaden = 1 mol NaHCO, Moin = 2 mol NaHCO, 
0.0389 L 0.0778 L 
=25.7 mol = 25.7 mol L" 


Similar reasoning shows that the concentration of Na,CO, in pure solid Na,CO, is a constant, too. This means that the 
equilibrium law now has three constants, K plus two of the concentration terms. It makes sense to combine all of the 
numerical constants together. 
K[NaHCO,(s)]? 
H,O CO ee 
[H.O()][CO.(9)1= eGo ty] = Ke 


Similarly, for decomposition of calcium carbonate 
CaCO, (s) = CaO(s) + CO, (g) 


The equilibrium constant of the reaction will be determined only by the equilibrium concentration or pressure of gaseous 
carbon dioxide. 
[CaO][CO, ] 


K, =———— = KCO,] (as concentrations of CaO and CaCO, are constant) 
[CaCO, | : 


K.= Hoos = Pco, (at 1 atm pressure) 
Fr ; 


Note: In heterogeneous equilibrium, it simplifies equations if we replace concentration by activity. In thermody- 
namics, the activity of pure liquids and solids is taken as unity. So if a reactant or a product is a pure liquid or a solid, 
we can omit writing it in the equilibrium constant expression. 


Solved Example 9-10] 


When baking soda is heated in a sealed tube, if the equi- Since, there are only two gaseous species in the above 
librium pressure is 1.04 atm at 398 K, calculate the equi- equilibrium, so we have their partial pressures as 
librium constant for the reaction at 398 K. Pp 1.04 
Pco, = Pu,o = 0.52 atm 
Solution ' : 2 2 


K, = Pco, X Pu,o = [0.52] = 0.2704 atm 


The reactions involved is 
2NaHCO,(s) = Na,CO,(s)+ CO, (g)+H,O(g) 


Solved Example 


At a certain temperature, K, for dissociation of solid In the reaction C(s)+CO,(g) = 2CO(g), 
CaCO, is 4 x 107 atm and for the second reaction, 


C(s)+ CO, (g) = 2CO(g) K i= (Peo) = 2.0 atm 


Pp 
P 
is 2.0 atm, respectively. Calculate the partial pressure of (Peo, ) 


CO at this temperature. Therefore, 


(Peo)? = 4107 2.0 > pog = V4 107 x2 = 0.28 atm 
Solution 


For the reaction CaCO, (s) = CaO(s)+ CO, (g), 
K,= Doo, = 410~ atm 
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Solved Example 9-12 


Consider the following heterogeneous equilibrium Solution 


For the given equilibrium, K,, = Pco, = 0.236 atm. Now, for an 


Caco (6) s— Cats) ¥ CO 2) equilibrium reaction, K, = K,(RT)™. As An = 1, we have 


At 800°C, the pressure of CO, is 0.236 atm. Calculate a eee pee io2 welt 
(a) K, and (b) K, for the equilibrium reaction at this ©" RT 0.0821x1073 © = , 
temperature. 


Solved Example 


At a certain temperature and total pressure of 10° Pa, Partial pressure of I, molecules is 


iodine vapor contains 40% by volume of I atoms: 60 60 : ; 
= —X Pra = X 10° = 6x10" Pa 
I, (g) = 21(g) Pr, 100 Protal 100 
Calculate K, for the equilibrium. Now, for the given reaction, 
2 4)2 2 
Solution K = PL) (OKO) Ea 2.67 x10* Pa 


’ Pi. 6x10* Pa 
Partial pressure of I atoms is : 
40 40 


een, =—x10° =4x10' P 
Py 100 Prorat 100 a 


Solved Example 9-14 | 


Calculate the equilibrium constant for the reaction Cu(s) + 2Ag* (aq) = Cu** (aq) + 2Ag(s) 
Cu(s) + 2Ag* (aq) = Cu** (aq) + 2Ag(s) The equilibrium constant expression is 

Given that equilibrium concentrations are [Ag*] = 1.0 x ae [Cu* (aq) ][Ag(s)}’ 

10°" mol L" and [Cu] = 2.0 x10 mol L™ at 300 K. © [Cu(s)][Ag* } 


_ 2x*107 mol L* 
(1x107' mol L")’ 

The reaction represents a heterogeneous equilibrium, = 910° mel I 

so the equilibrium constant will depend only on concen- 

trations of Ag* and Cu” ions, while activity of solid sub- 

stances is taken as unity. Thus, for the reaction 


Solved Example 


Write the equilibrium law for the following heterogene- Solution 


Solution 


ous reactions. 1 
(a) K= 
(a) 2Hg(1)+ Cl, (g) = Hg,Cl,(s) [Cl] 
(b) Na(s) +H,O(1) = NaOH(aq) + H,(g) (b) K=[Na*][OH ][H,] 
(c) Dissolving solid Ag,CrO, in water: (c) K=[Ag*}[CrO7 ] 
Ag,CrO, (s) — 2Ag* (aq) +CrO, (aq) [Ca* ][HCO;] 
(d) CaCO,(s)+H,O() +CO,(aq) = () A= Tco,] 
Ca** (aq) + 2HCO; (aq) 
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9.5 | APPLICATIONS OF EQUILIBRIUM CONSTANTS 


The magnitude of an equilibrium constant gives us some idea of the extent to which the reaction proceeds at equi- 
librium and also its direction. They also help in calculating equilibrium concentrations. Equilibrium calculations for 
gaseous reactions can be performed using either K, or K,, but for reactions in solution we must use K,. Whether we 
deal with concentrations or partial pressures, however, the same basic principles apply. 


Predicting the Extent of Reaction 


Equilibrium constant can be used to compare the extents to which two or more reactions proceed to completion. It is 
directly proportional to the concentration of products appearing in the numerator of the equilibrium expression and 
inversely proportional to the concentration of the reactants that appear in the denominator. So, a high value of equi- 
librium constant implies that the concentration of products is high and vice versa. For example, the reaction 


2H, (g) + O,(g) = 2H,O(g) 

has K,=9.1 x 10" at 25°C. For an equilibrium between these gases, 
_ [H,OP _ 91x10" 

“~ [H,F[O,] 0 1 


By writing K,.as a fraction (9.1 x 10°°)/1, we see that the numerator of the mass action expression must be large com- 
pared to the denominator, which means that the concentration of H,O is huge compared with the concentrations of 
H, and O,. At equilibrium, therefore, almost all of the hydrogen and oxygen atoms in the system are found in H,O 
molecules and very few are present in H, and O,. Thus, the large value of K; tells us that the position of equilibrium in 
this reaction lies far towards the right and that the reaction of H, and O, goes essentially to completion. The reaction 
between N, and O, to give NO: 


N,(g)+0,(g) = 2NO(g) 


has a very small equilibrium constant; K, = 4.8 x 10~' at 25°C. The equilibrium law for the reaction is 


2 
NOT _4sxi9% = 48 
[N2][02] 10° 


Here the denominator is very large compared to the numerator, so the concentrations of N, and O, must be very much 
larger than the concentration of NO. This means that in a mixture of N, and O, at this temperature, the amount of NO 
that is formed is negligible. The reaction hardly proceeds at all towards completion before equilibrium is reached, and 
the position of equilibrium lies far towards the left. 

The decomposition reaction of dinitrogen tetraoxide in gaseous phase 


N,O, = 2NO, 


has equilibrium constant K, = 4.64 x 10° at 25°C, which is not very large or small. The equilibrium law for the 
reaction is 
4.64 


10° 


2 
INOLT _ 464x107 = 


[N,O, 


Here the difference between the denominator and the numerator is not too large, so appreciable concentrations of 
both NO, and N,O, exist in the reaction mixture. 

The relationship between the equilibrium constant and the position of equilibrium can thus be summarized as 
follows: 


1. When K is very large, that is, K>10’, the reaction proceeds far towards completion. The position of equilibrium 
lies far to the right, towards the products. 


2. When K is very small, that is, K< 10°, extremely small amounts of products are formed. The position of equilib- 
rium lies far to the left, towards the reactants. 
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3. When the equilibrium constant lies between 10~ and 10°, the equilibrium mixture contains substantial concentra- 
tion of both reactants and products. A special case is when K = 1, then the concentrations of reactants and products 
are nearly the same at equilibrium. The position of equilibrium lies approximately midway between reactants and 
products. 


Note: Take care in making such comparisons, however, because unless the values of K are greatly different, the 
comparison is valid only if both reactions have the same number of reactant and product molecules appearing 
in their balanced chemical equations. 


Predicting the Direction of Reaction 


We have seen that for any chemical system at equilibrium, the equilibrium constant can be calculated from equilib- 
rium concentrations of reactants and products. For example, the reaction of hydrogen gas with iodine in the gas phase 
at 440°C has equilibrium constant of 49.5, when measured experimentally at different equilibrium concentrations. 
Therefore, for the reaction 


H, +1, =2HI 
__[HIy 
“ [Aa] 00] 


If the reaction has not reached equilibrium, the ratio of concentrations of products and reactants does not give the 
equilibrium constant, instead 


(Hb) © 


where Q is known as the reaction quotient. It can be defined as Q, for molar concentrations of reactants and products, 
andas Q, for partial pressures of gaseous reactants and products. For example, ifin the above reaction, the concentrations 
of H,, I, and HI are measured at any time ¢, when the reaction may or may not have reached equilibrium as 0.280 mol, 
0.145 mol and 0.190 mol, respectively, at 440°C then 
2 2 
[HI] _ (1.90) - 98.9] 
[H,][1,] (0.280)(0.145) 

The value of reaction quotient is more than that of equilibrium constant (49.5), so the reaction is not at equilibrium. 

Reaction quotient is expressed for any reaction in the same way as for equilibrium constant, except that the con- 
centrations may not necessarily be equilibrium. In general, for a reaction of the type 


aA+bB—=cC+dD 
[C} [DI 
= ; 99) 
© AFBI i 
or in terms of pressure, we have 
_ @c) Pn)" 9.10 
© aa) Pak ia 


If concentrations other than equilibrium concentrations are used in the expression, then the comparison of Q,. and K;, 
values can help predict the direction of reaction (Table 9.1). 


Table 9.1 Relation between O and K values and the direction of reaction 


Q and K values Relative concentration Direction of net reaction 
OQ>K Products more than reactants From right to left 
Ora Reactants more than products From left to right 


OS I< ei eye concentrations : No net reaction 
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Solved Example 


In the formation of nitrosyl chloride from nitric oxide and 
chlorine by the following reaction 


2NO(g) + Cl,(g) = 2NOCI(g) 


The equilibrium constant is 6.5 x 10° at 35°C. The number 
of moles of NO, Cl, and NOCI in the reaction mixture 
were measured as 0.02 mol, 0.8mol and 6.8 mol, respec- 
tively, in a 2 L flask. In which direction would the reaction 
proceed at that point in time to attain equilibrium? 


Solution 


The reaction quotient at any point can be calculated from 
the molar concentrations of the reactants and products. 
Given that 


0.02 mol 


[NO]= = 0.01 mol L 


=0.4 mol L" 


0.8 mol 
[Cl ] = i 


[NOCI] = =3.4 mol L" 


6.8 mol 
L 


Using these values in expression for Q,, we get 


[3.4 mol L'f _ 11.56 


= = 2890 
[0.01 mol L'][0.4 mol L"] 0.04 


Q. = 


The value of reaction quotient is less than that of equi- 
librium constant, so the reaction would proceed in the 
forward reaction, that is, towards the formation of more 
products. 


Solved Example 9-17] 


Which of the following reactions will tend to proceed 
farthest towards completion? 


(a) H,(g)+Br,(g) = 2HBr(g) K, =1.4x107! 
(b) 2NO(g) = N,(g)+0,(g) Ke =2.1x10™ 


(c) 2BrCl(g) = Br, (g)+Cl,(in CCl, solution) K, = 0.145 


Solution 


Reaction (b) will proceed farthest to completion since it 
has the largest value for K-. 


Solved Example 


Under what conditions will the following reactions go in 
the forward direction? 


C(s)+H,O(g) = CO, (g)+H,(g)+ X kcal 


Solution 


At low temperature, low pressure, excess of C and 
excess of H,O, the reaction will move in the forward reaction. 


Solved Example 9-19] 


A mixture of 1.57mol of N,, 1.92 mol of H, and 8.13 mol 
of NH, is introduced into a 20L reaction vessel at 500K. 
At this temperature, the equilibrium constant K, for the 
reaction N,(g)+3H,(g) = 2NH,(g) is 1.7 x 10°. Is the 
reaction mixture at equilibrium? If not, what is the direc- 
tion of the net reaction? 


Solution 


The reaction can be represented as 
N,(g) + 3H,(g) = 2NH,(g) 
Moles 1.57mol  1.92mol 8.13 mol 
Concentration 1.57/20 1.92/20 8.13/20 


The reaction quotient is 


Q, = [NH,P _ (8.13/20 mol L*)’ 
© [N,][H,}) 1.57/20 mol L™ x (1.92/20 mol L")* 
2 
or Q. = (0:05) +L’ mol’ = 2.38x10°L’ mol’ 
(0.078) x (0.096)’ 


Given that K, = 1.7 x 10°. Since the value of Q, is much 
higher than the value of the equilibrium constant, the 
reaction mixture is not at equilibrium. The direction of 
the net reaction is in the backward direction. 
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Solved Example | 9-20] 


The value of the equilibrium expression (K,) as repre- 
sented by the chemical equation is 5.10. If the reaction 
quotient for a mixture of these species is found to be 
6.74 x 10°, would the mixture yield more products, more 
reactants or is it at or near equilibrium? Assume a reaction 
quotient within a factor of 10 of the equilibrium constant 
is at equilibrium. 


CO(g)+H,O(g) = CO,(g)+ H,(g) 


Solution 


The reaction quotient is equal to the amount of prod- 
ucts present over the amount of reactants present. In this 
problem the reaction quotient is significantly less than the 
equilibrium constant. In order for the reaction constant 
to become closer in value to the equilibrium constant, 
more products must be created. 

0, ~ (COaIIHaI 


h K. 
[CO][H.0] where Q. « K-, 


Calculating Equilibrium Concentrations 


To calculate equilibrium concentrations, the following steps are followed: 


1. A balanced equation is written for the reaction. Then a concentration table is written beneath the chemical equation 
in which the concentrations of the substances involved in the reaction are written as it proceeds towards equilibrium. 
The table has three rows: initial concentrations (those present in the reaction mixture when it is prepared), changes 
in concentrations (if the reaction mixture is not at equilibrium when it is prepared, the chemical reaction must occur 
(either to the left or right) to bring the system to equilibrium and when this happens, the concentrations change) and 
equilibrium concentrations (are the concentrations of the reactants and products when the system finally reaches 
equilibrium). The concentrations should have the units of molar concentration (mol L”’). 


2. In the table define concentration of one of the terms that reacts and reaches state of equilibrium as x. Then using 
the stoichiometry of the reaction define the concentration of other reactants and products formed in terms of x. 
The equilibrium concentrations are substituted into the equilibrium equation and the value of x can be deter- 
mined. The results can be cross-checked by substituting the value of concentrations into the equilibrium equation. 


Consider the following cases: 


Case 1: In a reaction, let the initial moles of A, B,C and D be J, m,n and p. Let the volume of the container be V 
and the equilibrium constant of the reaction K,. Then: 


aA + bB= cC + dD 
Att=0, = an = £ 
V V 4 V 
Aijet,: l-ax m-—bx n+cx pt+dx 
: 4 V V V 


In the above equation, x is the only variable which can be solved to get the equilibrium concentration of all 


the species. 


Note: In case no information is provided about the initial concentrations of products, assume it to be zero. 


Case 2: In a reaction, let the initial pressures of A, B,C and D be p,, p,, p; and p,, respectively. Let the total pressure 
at equilibrium be p,,,, The equilibrium partial pressure of all species and equilibrium constant K, can be 


determined as follows. 


At t= 0, initial 


At t=1¢,,,partial pressure 


aA + bB= cC + dD 
P\ Py P3 Ps 
DP, -ax p,—-bx  py+cx p,t+dx 
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Then, 
Prota = (Pi — 4X) + (Pp, — bx) + (p; +. cx) + (py + dx) 


In the above equation, x is the only variable which can be solved to get the partial pressure of all the spe- 
cies at equilibrium and K, also. 


Degree of Dissociation 
The degree of dissociation is the fraction that undergoes dissociation in a reaction, and is represented by a. Hence, 


_ Moles dissociated 


Initial moles 
Consider the reaction 
2HI = H, +1, 
Initial moles 1 0 0 
Moles at equilibrium 1-a@ a/2 a/2 


where a represents the degree of dissociation. If we would have started with a moles of HI and the moles of HI dis- 
sociated is taken as aa, then the degree of dissociation of HI will not be a but would be a/a. 


Note: Consider the following reaction for which the degree of dissociation is to be determined. 


2A = A, 
Att=0 a 0 
Att=t,, a-—2x x 
| I 
a(l-a@) aa 


In the above example, students make a common mistake, wherein they simply substitute x = aa. However, in the 


above case 
2x aa 
=4>xXx= 
a 2 
Therefore, correct concentrations at equilibrium are 
[A]=a[l-a] 
ao 
lacy 


Relation between Vapor Density and Degree of Dissociation and Association 


Vapour density of a substance is defined as the mass of a certain volume of substance divided by mass of the same 
volume of hydrogen. For gaseous reaction for which K, exists, we can relate vapor density with degree of dissociation. 
A(g) = nB(g) 
Initial moles C 0 
Moles at equilibrium C(1-a) nCa 


The total number of moles at equilibrium = C - Ca+nCa=C [1+ a(n-1)]. 
For gas at equilibrium, we assume it to be ideal. So, we have 


pVenrT = “ers me" x oP 
M PP 


where p is the density of gas, w is the weight and M is the molecular weight. Now, M = 2 x vapor density. So, we have 
the expression for vapor density as 
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Vapor density = = (9.11) 
Pp 


Substituting p = nRT/V in the above equation, we have 
pRTV_ pV_w 
AUQURTE igh 


Vapor density = (9.12) 


In a closed vessel, the vapor density will be inversely proportional to the number of moles of the gaseous species as p 
is a constant. Thus, we have 


(Vapor density),.,;:,, _ Total moles at equilibrium (9.13) 
(Vapor density)., Initial moles , 
Suppose (vapor density);,i:,, = D and (vapor density),, = d, respectively, then for the given equilibrium 
D_Cll+a(n—1)] _ agai) 
d G 
or 
D D-d 
—-1l=a )=> =a 1 
= -1=a(n-1) > ——* = a(n-1) 
or Pee id I (9.14) 
(n—-1)d 


In case of association, consider the following reaction 
n&A => A 
Initial moles 1 0 
Moles at time=t (1-a@) aln 


where aris the degree of association. The total number of moles = 1—q@ + ae a ( u i 
Now, from Eq. (9.13), we have n 


elon afta) Pea! t)a-(27\55,) 


d 


n 


Solved Example 9-21 


A mixture containing 8.07 mol of hydrogen and 9.08 mol The equilibrium constant can be calculated as 


of iodine was heated at 448°C till equilibrium was attained (HIP 
when 13.38 mol of hydrogen iodide was obtained. Calculate Ko= (H,|[D] 
the degree of dissociation of hydrogen iodide at 448°C. li 
_ (2x)° 
Solution (9.08 — x) (8.07 — x) 
The reaction of formation of HI is as follows: _ (13.38) = 54.279 
(9.08 — 6.69) x (8.07-6.69) 
H, + i =2HI To calculate the dissociation constant of HI, consider the 
ant : following reaction 
a Mi it oT Hx 
Therefore, from the above data x can be calculated as 1. 0 0 
13.38 ere 
2x = 13.38 => x = —— = 6.69 From the above data, the dissociation constant is given by 
xXx x 
Ke= 


~(1-2xy (12x)? 
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- = 0.01842 
Ki 54.279 


But Ke= 


Therefore, x can be calculated as 


Ds 
( x ol _, * _ ee! 
1-2x} 54.279  1-2x 54.279 7.3674 
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or 7.3674x =1-2x 


x= a 106.75 x 10° mol 
9.3674 


a =2x =2x106.75x 10% =213.5x 107 


Therefore, 


or Percentage dissociation = 21.35% 


Solved Example 9-22 


In the dissociation of HI, 20% of HI is dissociated at equi- 
librium. Calculate K, for 


HI = 4H, +351, 
Solution 
The reaction can be represented as 
2HI = H, +L 


Initial moles 1 0 0 


Moles at equilibrium 1-a@ a/2 a/2 


Hence, a= 0.2 and An = 0. Therefore, K, = K,. Now, 


(al2V)'? (a@l2V)'? 
(l-ayV 
— a@  —_ 02 
~ 21-a) 2x08 
For a general reaction xA(g)+ yB(g) = pC(g)+qD(g) 
K,, can also be expressed as 


An, 
P q 8 
= (M1¢)e (ny )i, [2 ) 
po x y 
(714 Je (ng a Ny eq 
where n,, Np, M1, and n, are the respective moles of A, B, 


C and D at equilibrium and p, is the total pressure and n,, 
are the total gaseous moles at equilibrium. 


K,=Kc= 


= 0.125 


Solved Example 9-23 | 


K, for the reaction N,O,(g) = 2NO,(g) is 640mm Hg at 
775K. Calculate the percentage dissociation of N,O, at 
equilibrium pressure of 160mm Hg. At what pressure, the 
dissociation will be 50%. 


Solution 
The reaction can be represented as 
N,O, = 2NO, 
Initial moles 1 0 
Moles at equilibrium 1-a@ 20 
The equilibrium constant can be given by 


= Cs) (22) 


° (Ny, 0,) Ny 


K,= do (2) 
l-a\l+a 
Substituting K, = 640 and p,= 160mm Hg, we get 


feo Sg aia 
1l-a 


But, K, is given by 


or percentage dissociation = 70.7%. 
If ~=0.5, then the expression is 

_ 4x (0.5) Pr 
0.5 1.5 


640 


= p, = 480 mm Hg 


Solved Example 9-24 | 


Reaction between nitrogen and oxygen takes place as 
follows: 
2N,(g)+O,(g) = 2N,O(g) 


If a mixture of 0.482 mol N, and 0.933 mol of O, is placed 
in a reaction vessel of volume 10L and allowed to form 
N,O at a temperature for which K, = 2.0 x 10, deter- 
mine the composition of the equilibrium mixture. 
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Solution 


The reaction can be expressed as 
2N,(g) + 
Initial moles 0.482 0.933 
Moles at equilibrium (0.482—x) (0.933 — x/2) 
(0.482—x) (0.933-x/2) 
10 10 10 
(x/10)? 


K,= 2 
(“e=*) e 9.333 —x/2 
10 10 


x x10 
(0.482 — x)’ x (0.933 — x/2) 
_ 10x? 
(0.482)? x 0.933 


O,(g) = 2N,0 


& 


| * 


Cone. at equilibrium 


Then, 


or 


2.0x10°" = 
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Since x is very small, the terms can be approximated as 
0.482—x=x and (0.933—x/2)= 0.933 


2 (28 «107 x (0.482)? x 0.933 il 
7 10 


= (4.33x 10°")? =6.6x10 mol 


Hence, the equilibrium concentrations are 


-20 
[N,O]= ae = 6.6107! mol L2 
[N,]= cares 2) Pe ig eri 
[O,] = ee se 20 (oeasmolt 


Solved Example 9-25 


A sample of HI was found to be 22% dissociated when 
equilibrium was reached. What will be the degree of dis- 
sociation if hydrogen is added in the proportion of 1 mol 
for every mole of HI present originally? Assume temper- 
ature and pressure to be constant. 


Solution 
Give that the percentage dissociation = 22, so degree of 
dissociation = 0.22. The reaction involved is 
2HI = H+ ia 
Initial moles 1 0 0 
Moles at equilibrium 1-—@=0.78 a@/2=0.11 a/2=0.11 


[H,][1,]_ 0.11x0.11 


: — = 0,0199 
[HI] (0.78) 


Therefore, Ke= 


When 1 mol of hydrogen is added starting with 1 mol of 
HI, we get 


[H,]U,] _ (@/2)x(a/2 +1) 


Ko= 2 2 
[HY] (1-@) 


= 0.0199 


Solving, we get a = 0.037 So, the addition of 1 mol of H, 
suppresses the dissociation of HI. 


Solved Example 9-26 | 


What will be the degree of dissociation of PCl,; when 
0.1 mol of PCI, is placed in a 3 L vessel containing chlorine 
at 0.5 atm pressure and 250°C? (K, = 1.78) 


Solution 

The reaction involved is 

PCI, = PCI, + Cl, 
0.1 0 0) 
Moles at equilibrium O1-x x x 


Initial moles 


The partial pressures at equilibrium are as follows: 


xRT 


(0.1—x)RT 
= = Pa, = 


V Pra, V +0.5 (1) 


Pra, 


The equilibrium constant is given by 


ies (Ppa,)(Pa,) -1.78 


7 (Pea) 
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Substituting Eq. (1) in the above equation, we get 


XRT \( xRT +05 
1.78 = V V , _ x(x x 0.0821 x 523/3) + 0.5x 
, [Seer | 


0.1-x 
V 
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Solving we get 14.31x* +2.28x —0.178=0 => x=0.0574 mol. 
Therefore, 


= 0.0574 -0S74 
0.1 


Solved Example 9-27] 


The reaction CO(g)+H,O(g) = CO,(g)+H,(g) has 
K. = 4.06 at 500°C. Suppose 0.0600 mol each of CO and 
H,O are mixed with 0.100mol each of CO, and H, in a 
1.00 L reaction vessel. What will be the concentrations of 
all the substances when the mixture reaches equilibrium 
at that temperature? 


Solution 


The equilibrium law for the reaction is 
_ [CO,][H,] 
= 
[CO][H,O] 
Let us use the initial concentrations, shown in the first 
row of the concentration table below, to determine the 
initial value of the reaction quotient. 


(0.100) x (0.100) 
(0.100) x (0.100) 


Qinitiat = =2.78< K; 


As indicated, Q.,.,,,, 18 less than K,, so the system is not at 
equilibrium. To reach equilibrium, Q must become larger, 
which requires an increase in the concentrations of CO, 
and H, as the reaction proceeds. This means that for CO, 
and H,, the change must be positive, and for CO and H,O, 


the change must be negative. Here is the completed con- 
centration table. 


CO(g)+H,O(g) = CO,(g) + H,(g) 


Initial concentration (M) 0.0600 0.100 0.100 
Change in concentration -x +X +x 
Equilibrium concentration 0.0600-—x 0.100+x 0.100+x 


Substituting equilibrium quantities into expression for 
the equilibrium law gives us 


(0.100 + x?) 


= 4.06 
(0.0600 — x)” 
Taking the square root of both sides yields 
0.100+x _ 
0.0600 — x 


Solving the equation for x, we get 
x+2.01x =0.121-—0.100 
3.01x = 0.021 = x = 0.0070 M 


Now we can calculate the equilibrium concentrations: 
[CO] =[H,O] = (0.0600 — x) = 0.0600 — 0.0070 = 0.0530 M 
[CO,]=[H,]= (0.100 + x) = 0.100 + 0.0070 = 0.107 M 


Solved Example | 9-28 | 


Ethyl acetate is produced from acetic acid and ethanol by 
the reaction 


CH,COOH(aq)+C,H,; soled) CH, COOC,H,(aq)+H,O(aq) 
Acetic acid Ethanol Ethyl acetate 


At 25°C, K. = 4.10 for this reaction. In a reaction mix- 
ture, the following equilibrium concentrations were 
observed: [CH,COOH] = 0.210M, [H,O] = 0.00850M, 
and [CH,COOC,H,] = 0.910 M. What was the concentra- 
tion of C,H,OH in the mixture? 


Solution 


From the reaction, we have 


_ [CH,COOC,H, [HO] __(0.910)(0.00850) _, 1, 
© [CH,COOH][C,H,OH] (0.210)[C,H,OH] ~ 
Solving, we get [C,H,OH] = 8.98 x 10°M. 
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Solved Example 9-29 


0.0450 mol NH, x 201 N2_ 
N,(g)+3H,(g) = 2NH,(g) 2 mol NH, 
= 0.0225 mol N, reacted (per liter) 


For the equilibrium 


Complete the table and compute the value of the 


equilibrium constant. The number of moles of H, that reacted is 
Initial Concentrations Equilibrium Concentrations 0.0450 mol NH. x 3 mol H, 
= 3 
[H,]  [N.] [NH] [H,] [N,] [NH] 2 mol NH, 
0.200 0.200 0 2 0.0450 = 0.0675 mol H, reacted (per liter) 


At equilibrium, [N, ],, = 0.200 —0.0225 = 0.178 M and 
[H,]., = 0.200 — 0.0675 = 0.132 M. 


Solution 


If 0.0450 mol of NH, is formed, calculate the number of 
moles of N, that reacted (per liter). 


Solved Example | 9-30 


In the preceding equilibrium, what is the concentration 


of NH, at equilibrium if the equilibrium concentrations Bes [N, ][H,] 
of N, and H, are 0.22 and 0.14 mol L", respectively? ; 
[NH,} 
we get 4.95 = —~——*. __ 

Solution (0.22) x (0.14) 
Given that [N,] = 0.22 mol L", [H,] = 0.14 mol L“ and or [NH,]’ = 2.99 x 10° => [NH;] 
K. = 4.95. Therefore, substituting these values in the =5.5x107 
following expression = 

= 0.055 mol L 


Solved Example 


Vapor density of the equilibrium mixture of NO, andN,O, or molar mass of NO, + N,O, = 2 x vapor density = 80 


is found to be 40 for the equilibrium: N,O, — 2NO,. If the percentage of NO, gas be x, and that of N,O, be 
Calculate percentage of NO, in the mixture. 1—x, then we have 
Solution x(Myo,+ (1-x) My,o,) = 80 (1) 


We know that vapor density = (molar mass of mixture of Sebsranine all valucs wt Eada(\)e weer! 


NO, +N20u) 46x + (1-x) 92 = 80 
2 


Solved Example 9-32 | 


For the reaction Ag(CN), = Ag*+2CN’, the K, at Solution 
25°C is 4 x 10°”. Calculate [Ag*] in solution which was 
originally 0.1 M in KCN and 0.03 M in AgNO,. 


Solving, we get percentage of NO,, that is, x = 26.08% 


The reaction can be represented as 


2KCN + AgNO,=Ag(CN); + KNO, + K* 
Initial moles 0.1 0.03 0 0 0 
Moles at equilibrium (0.1—0.06) 0 0.03 0.03 0.03 
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So, [Ag(CN);] = 0.03 M. Now, from the following reaction, 
we have 
Ag(CN); = Ag* +2CN™ 
Initial moles 0.03 0 0.04 


Moles at equilibrium (0.03-a@) a 0.04+ a 
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As K- is too small and dissociation of Ag(CN); is very 
less and thus, 


0.04+ a = 0.04 and 0.03-—a = 0.03 
Now, [Ag(CN);] = 0.03; [Ag’] = a; [CN] = 0.04 


[Ag*][CN-P _ a x (0.04) 
[Ag(CN), ] 0.03 


Now, K,. = => a =7.5x10" 


Solved Example 9-33 | 


The following equilibrium PbSO,+2I (aq) = PbL,(s)+ 
SO7 (aq) was followed by measuring the concentration 
of iodide ion. Initially 250 cm’ of 0.1 M I was taken, and 
after a long interval of time the equilibrium mixture was 
titrated against 0.25 M AgNO, solution. The titre value 
was 62.0 cm’. Calculate K¢. 


Solution 


_ 2500.1 


Initial moles of JD = ~—-—— = 25x 10° mol 
1000 


62.00.25 
1000 


Moles of I at equilibrium = = 15.5x10° mol 


Moles I reacted = (25.0—15.5) x 10° = 9.5 x 10° mol 


9.5x10° 
2 


Moles of SO; at equilibrium = = 4.75x10° mol 


Now, concentration at equilibrium is as follows: 


[Fo = 15.5 x 10° x 2 = 6.2.x 102mol L* 
‘ 250 


_;_, 1000 3 7 
[SOF Jeg = 4-75 x 10° x 5p 7 toe 10 *molL. 


Therefore, the equilibrium constant is 


_ [SOF] 1.9x107 


= = = 4,43 mol L" 
Tr) t62Ki0-"y 


Solved Example 9-34 | 


For the reaction +N,(g)++H,(g) = NH,(g), show that 
degree of dissociation of NH, is given as: 


where p is equilibrium pressure. If K, of the above reaction 
is 78.1 atm at 400°C, calculate K.. 


Solution 


The reaction is represented as 


NH, (g) = z N,(g)+ > H,(g) 
Initial moles 1 0 0 


Moles at equilibrium 1-a@ al2 3a/2 
The total number of moles at equilibrium = 
1-a+a2+3oq/2=1+a 


The partial pressure is 


3a 


-(=*) _(__@ Z 
Pres \taq)? P™ “loase))> ' ~ | s040))? 


ae” 
(Pyu,) 


1/2 30 3/2 
: 2(1+ a) . 


Therefore, K 


Pp 


o 
2(1+ a) 


1/2 
33 
Solving, we get @ = po Be | 


We know that K, = K, (RT)"" = 78.1 = K, (0.0821 x 673)! 
or K.=1.413 mol L™. 
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Solved Example 9-35 


Bromine monochloride, BrCl, decomposes into bromine Then, 
and chlorine and reaches the equilibrium 


[Br, ][C1, ] (x/2) x (x/2) (x/2)° 
ae K. == = = 
2BrCl(g) = Br, (g)+Cl,(8) c*"TBralp  (830x107—x) (330x102 —x)- 
For which K,.= 32 at 500 K. If initially, pure BrCl is present 
at a concentration of 3.30 x 10° mol L”, what is its molar ” x 
concentration at equilibrium. an (32)"" = 2(3.30x 103 — x) 
Solution x 
This gives, 5.66 x 2 =—______ 
From the reaction stoichiometry 3.30x107 -x 
2BrCl(g) = Br,(g)+Cl,(g) 11.32= <___ = x = 3.3010" 
Initial moles 2 mol 1mol 1mol 3.30 x10" —x 
ms a | 
Moles at equilibrium (3.30x 10~)-x A is So, [BrCl]_,= 3.03 x 10° molL 


2 


9.6 | GIBBS ENERGY CHANGE AND CHEMICAL EQUILIBRIUM 


A system in equilibrium represents a state of reversibility where the driving and opposing forces in the process are 
balanced out. The criteria for equilibrium may be expressed in terms of free energy as follows. 

When the concentration of all reactants and products is 1 mol L", the Gibbs free energy change is represented 
by AG® which is the standard free energy (IUPAC recommended name is Gibbs energy) change. Note that AG® is not 
necessarily the free energy change at equilibrium. 


AG° = XAG? (products) — ZAG? (reactants) 


sad AG = XAG, (products) — ZAG, (reactants) 


The equilibrium constant is independent of the rate of reaction. However, it can be related to the thermodynam- 
ics of the reaction and in particular the change in Gibbs energy. When the value of AG for a given change is nega- 
tive, the change occurs spontaneously. We have also seen that a change is non-spontaneous when AG is positive. 
However, when AG is neither positive nor negative, the change is neither spontaneous nor non-spontaneous — the 
system is in a state of equilibrium. This occurs when AG is equal to zero. 

The relation between AG° and the position of equilibrium can be listed as follows: 


1. When AG" is positive, the position of equilibrium lies close to the reactants and little reaction occurs by the time 
equilibrium is reached. The reaction will appear to be non-spontaneous. 


2. When AG* is negative, the position of equilibrium lies close to the products and a large amount of products will 
have formed by the time equilibrium is reached. The reaction will appear to be spontaneous. 


3. When AG® = 0, the position of equilibrium will lie about midway between reactants and products. Substantial 
amounts of both reactants and products will be present when equilibrium is reached. The reaction will appear to 
be spontaneous whether we begin with pure reactants or pure products. 


We have seen the qualitative way by which the position of equilibrium in a reaction is determined by the sign and 
magnitude of AG®. We have also seen that the direction in which a reaction proceeds depends on where the system 
composition stands relative to the minimum on the Gibbs energy curve. Thus, the reaction will proceed spontaneously 
in the forward direction only if it will lead to a lowering of the Gibbs energy (i.e., if AG is negative). 
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Soniverse 


————————— 


t= leg 1 extent of reaction 


Figure 9.5 


where S, ,iverse IS the total entropy of the universe. Therefore, it can be said that state of equilibrium occurs at maximum 
value of entropy of universe (Fig. 9.5). 


> 
1 extent of reaction 
Figure 9.6 


Therefore, it can be said that state of equilibrium occurs at minimum value of Gibbs energy (Fig. 9.6). 


Note: For a process to be feasible, the entropy of the universe must increase at every point, that is, (<2) or 
instantaneous change in Gibbs energy must be negative. dn 


Mathematically, ( 4 _ & (S$ ) a 
dn dn dn 


Quantitatively, the relationship between AG and AG* is expressed by the following equation (which we will not 
attempt to justify) 


AG = AG° +RTInQ (9.15) 


where R is the gas constant in appropriate energy units (e.g., 8.314J mol K"'), Tis the Kelvin temperature, and In Q is 
the natural logarithm of the reaction quotient. For gaseous reactions, Q is calculated using partial pressures expressed 
in atm; for reactions in solution, Q is calculated from molar concentrations. 

For a reaction in equilibrium, AG = 0 and Q = K,, so the Eq. (9.15) reduces to 


AG = AG°+ RTInK =0 


° (9.16) 
AG® =-RTInK > InK =- acd 
RT 
Taking antilog, we get 
Kee a (9.17) 
AG® = AH°® -TAS°® 
Also, AG® =-RTInK 
Therefore, —RT In K = AH° -TAS® 
ing AS° AH 
R RT 


The graph of InK vs. “ is plotted for exothermic and endothermic reaction (Fig. 9.7). 
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Ink 


¢ 
¢ 
= 
pa¥) 
¢ 

= 


exothermic (AH” < 0) 


endothermic (AH® > 0) 


al 
z 


Figure 9.7 


In & 


Note: Assuming AS° and AH°® to be temperature independent. 


_AH?(1 1 
gc Rie 


Equations (9.15) and (9.17) allow us to predict the direction of the spontaneous change in a reaction mixture if we 
know AG* and the composition of the mixture. The results can be summarized as follows: 


1. If AG°<0, then -AG°/RT is positive, and therefore,e “'“’>1 or K>1.This implies that the reaction is spontaneous 
and it proceeds in the forward direction to an extent that products are present predominantly. 


2. If AG°>0, then -AG°/RT is negative, and therefore, e~40"'"" <1 or K<1.This implies that the reaction is non-spontaneous 
and it proceeds in the forward direction to a small extent, such that very small quantities of products are formed. 


Solved Example 9-36| 


The standard free energy change for a reaction is 
AG° = -41.8kJmoI' at 700K and 1atm. Calculate the 
equilibrium constant of the reaction at 700K. 


Solution 


The standard free energy and equilibrium constant are 
related by the equation: 


AG° = —RT In K = -2.303 RT log K 


Given that AG° = -41.8 kJ = —-41800 J, T = 700 K and 
R = 8.314 J K™ mol". Substituting these values in the 
equation, we get 

—41800 = —2.303 x 8.314 x 700 log K 

—41800 = -13403 log K 
_ 41800 


—— _ = 3.1187 = K = 1.312 x10* 
13403 


log K 


Solved Example 9-37 | 


The reaction 2NO,(g) = N,O,(g) has AG®,,. , =—5.40 kJ 
mol” of N,O,. In a reaction mixture, the partial pressure 
of NO, is 0.25 atm and the partial pressure of N,O, is 
0.60 atm. In which direction must this reaction proceed to 
reach equilibrium? 


Solution 
Expressed in terms of partial pressures, the reaction 
quotient is given by the expression 
Pw,o, 
er) 
Po, 


Therefore, the equation we will use is 


AG = AG? veri 


Given that: 


AG 53x = —5.40 kJ mol! = -5.40x10° Jmol” = 5.40 kJ 
mol ' = 5.40 x 10°Jmol'; T = 298K, Py,o, = 0.60atm and 
Pyo, = 0.25atm, R = 8.314Jmol'K™. Notice we have 
changed the energy units of AG* to joules so they will be 
compatible with those calculated using R. Substituting 
the values in the equation, we get 


0.60 | 
(0257) 
= -5,40 x 10? J mol” + (8.314 J mol K7)(298 K)In(9.6) 
= -5,40 x 10? J mol + (8.314 J mol K7)(298 K) x (2.26) 
= -5.40 x 10° J mol +5.60 x 10° J mol 
= +2.0x 10° J mol” 


AG=-5.40x 10° J mol! + (8.314 J mol K)(298 Kn 
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Since AG is positive, the forward reaction is non- 
spontaneous. The reverse reaction is the one that will 
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occur, and to reach equilibrium, some N,O, will have to 
decompose. 


Solved Example 9-38 


When 1-pentyne (A) is treated with 4 N alcoholic KOH at 
175°C, it is converted slowly into an equilibrium mixture 
of 1.3% 1-pentyne (A), 95.2% 2-pentyne (B) and 3.5% of 
1,2-pentadiene (C). 
The equilibrium was maintained at 175°C. Calculate AG®° 
for the following equilibrium: 

B=A; AG =? 

B=C; AG}=? 
From the calculated value of AG? and AG} indicate the 
order of stability of (A), (B) and (C) Write a reasonable 
reaction mechanism showing all intermediates leading to 
(A), (B) and (C). (IIT-JEE 2001) 
Solution 


The reaction involved is 


1- Pentyne+ alc. KOH-—2-Pentyne+1,2-Pentadiene 


(A) (B) © 
The equilibrium constant is 


[B][C] _ 95.2x3.5 
[A] 13 


K.= = 256.31 


(1) 


Now, from the reaction B= A, K, = [A]/[B]. From the 
above equation, we have 


= 0.013 
256.31 


[C]_ _ [C] _ 2 
ATIB 256.31 =e 256.31= K, 


The Gibbs energy can be calculated as 


AG? =-2.303RT log K = —2.303 x 8.314 x 448 log 0.013 
= 16178 J=161.178 kJ 


Since AG? is high, B is more stable than A. 

Now, from the second reaction B=C, K, = [C]/[B]. 
Multiplying and dividing throughout Eq. (1) by [B]’, we 
have 


ppg ai ME, asp aj 
[A}/(BI [A]/[B] 
or K, = 256.31x 559 yr = 0.087 


The Gibbs energy can be calculated as 


AG; = -2.303RT log K = —2.303 x 8.314 x 448 log 0.037 
= 12282 J =12.282 kJ 


Since AG? is low, B is more stable than C. Thus, the over- 
all order of stability order is B>C>A. 


Solved Example 9-39 


In the following equilibrium N,O,(g) = 2NO,(g), when 
Smol of each are taken, the temperature is kept at 298 K 
the total pressure was found to be 20 bar. Given that 
AG? (N,O,) = 100 kJ and AG? (NO,) = 50 kJ 


(a) Find AG of the reaction 


(b) The direction of the reaction in which the equilibrium 
shifts. (IIT-JEE 2004) 


Solution 


(a) For the reaction N,O,(g) = 2NO,(g), the reaction 
quotient is 


_ Pxo, _ 100 


Q, = 10 atm 


7 Py,o, 
AG* reaction = 2AG; (NO, )-AG?(N,O,) > 0 
= 100-100 
AG = AG°+RTInK 


Therefore, AG = RT InQ,, = 2.303 x0.082 x298 x log 9.9 
=56.0304 Latm = Positive quantity 


(b) Therefore, the reaction will shift towards reverse 
direction. 
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9.7 | SIMULTANEOUS EQUILIBRIUM 


A simultaneous equilibrium occurs when more than one equilibrium exists in the same container simultaneously. In 
this case, the same species may be involved in more than one equilibrium and its concentration at equilibrium is the 
same in all those equilibria under the same thermodynamic conditions. For example, 
CaCO,(s) = CaO(s)+ CO, (g) 
CO,(g) + C(s) = 2CO(g) 
Hence, CO,(g) is the common species in both these equilibria and its concentration at equilibrium will be the same 


for both finally. 
Consider the following reactions at simultaneous equilibrium: 


A => B + C (Equilibrium constant K,) 
Att=0 GC; Cy 0 
Att=t,, Gj-x+zZ C,+x-y+z x 


B= D + E (Equilibrium constant K,) 
Att=0 Cy 0 G, 
Att=t, CG,-yratz y Gty-z 
E — B + A (Equilibrium constant K;) 
Att=0 C, C, GC 
Att=t, C,-z+y C,+z+x-y Ci+z-x 


Given that the initial concentration of A, B, E is C,, C,, C,. Now, A, B and E are the common ions in the simultaneous 
equilibrium, therefore, their equilibrium concentration must be equal. Therefore, 


_(C,+x-y+2z)(x) 


K, 
(C, -x+z) 
K, = £Gt9- DO) 
“  (C,-ytx+z) 
K.- (C, +x-y+z)(C,+z-x) 
(C,-z+y) 


9.8 | LE CHATELIER’S PRINCIPLE AND FACTORS AFFECTING EQUILIBRIA 


Le Chatelier’s principle tells us how a chemical equilibrium responds when disturbed. In previous sections, you have seen 
that it is possible to perform calculations that tell us what the composition of an equilibrium system is. However, many 
times we really do not need to know exactly what the equilibrium concentrations are. Instead, we may want to know what 
actions we should take to control the relative amounts of the reactants or products at equilibrium. For instance, if we 
were preparing ammonia, NH,, by the reaction of N, with H,, we might want to know how to maximize the yield of NH,. 

Le Chatelier’s principle provides us with the means for making qualitative predictions about changes in chemi- 
cal equilibria. Recall that Le Chatelier’s principle states that if an outside influence upsets an equilibrium, the system 
undergoes a change in a direction that counteracts the disturbing influence and, if possible, returns the system to equilib- 
rium. Let us examine the kinds of “outside influences” that affect chemical equilibria. 


Effect of Change in Concentration 


In accordance with Le Chatelier’s principle, when the concentration of any of reactants or products in a reaction at 

equilibrium is changed, the composition of the equilibrium mixture changes so as to minimize the effect of the change. 

So when the concentration of a reactant is increased or that of a product is decreased, the equilibrium shifts towards 
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the forward direction. Similarly, a decrease in the concentration of any reactant shifts the equilibrium in the reverse 
direction. 

In the reaction of ammonia formation, when additional amount of N, is added to the system initially at equilib- 
rium, the system relieves the stress by removal of some of the additional N, to form more product ammonia. When the 
product is removed, the value of Q-is less than the value of K, and the reaction moves in the forward direction. An 
increase in the concentration of a reactant or product ultimately leads to an increase in the concentration of the spe- 
cies on the other side of the equation. Conversely, a decrease in the concentration of a reactant or product ultimately 
leads to formation of more of that reactant or product. 


Note: In reactions where a precipitate forms or a gas is evolved, that product is, in effect, entirely removed from the 
system. The system shifts to replace this loss, but if the loss is complete, the reaction continues to completion. This 
is known as an irreversible reaction, since products cannot reform reactants. 


Consider the example of formation of methane from water gas 


CO(g) + 3H, (g) = CH, (g) + H,0(g) 


If the water vapor is removed from the reaction mixture, according to Le Chatelier’s principle, the system shifts in the 
direction to reinstate the amount of water vapor removed, till the equilibrium is re-established. In other words, the 
reaction will increase in the forward direction and lead to an effective increase in yield of methane. 

Let us consider an experiment to demonstrate the effect of change of concentration on the equilibrium. Iron 
thiocyanate gives a red colored solution when dissolved in water, due to the presence of hydrated FeSCN”™ ions. An 


2+ s 


equilibrium exists between undissociated FeSCN™ ions and dissociated ferric and thiocyanate ions. 


(FeSCN)* (aq) = Fe**(aq) + SCN (aq) 
Red 


Pale yellow Colorless 
The following experimental observations were made: 


1. On addition of sodium thiocyanate solution, the red color of the solution deepens. 
2. On addition of oxalic acid to the solution, the red solution turns yellow. 


3. Addition of aqueous HgCl, decreases the red color of the solution. 
These observations can be explained as follows: 


1. Addition of NaSCN in the solution increases the concentration of SCN’ ions. The system compensates this addi- 
tion by shifting the equilibrium towards formation of more iron thiocyanate, which is red in color. 

2. When oxalic acid is added to the solution, it binds with the Fe** ions to form a stable complex of iron oxalate 
[Fe(C,O,),]*, thus effectively decreasing the concentration of Fe* ions. The system compensates for this stress by 
shifting the equilibrium towards production of more ferric ions, which are yellow in color. 

3. When HgCl, is added to the solution, the Hg” ions form stable complex ion [Hg(SCN),]” with dissociated SCN" 
ions. This shifts the equilibrium of the system in the direction that replenishes the SCN” ions. The amount of 
hydrated FeSCN™ is reduced and hence the red color fades. 


The experiment thus demonstrates how the system deals with concentration stress on removal or addition of ions into 
the equilibrium mixture. 


Effect of Change in Pressure 


Increasing the pressure on a gaseous mixture of reactants and products at equilibrium (or decreasing the volume of 
the container) is another example of stress on a system. The system can counteract the stress of increased pressure by 
shifting to a lower volume if possible. In case of gaseous reactions, an increase in pressure shifts the equilibrium in the 
direction where the number of moles decreases. For example, in the formation of ammonia by Haber process, 


N,(g)+3H,(g) = 2NH,(g)+ 92 kJ 
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There are four moles of gaseous reactants (N, + 3H,) but only two moles of the gaseous product (2NH,). Therefore, 
the increase in pressure shifts the equilibrium in the forward reaction. In general, an increase in pressure on a gaseous 
system shifts the point of equilibrium in the direction of the smaller number of moles of gas. Alternately, if there is the 
same number of moles of gas on each side of the equation, a change in pressure does not shift the point of equilibrium. 
When gases are not involved in a reaction at equilibrium, such as one in aqueous solution, pressure changes have neg- 
ligible effect, since solids and liquids are essentially incompressible. 

The effect of pressure change on the equilibrium can be understood in terms of how it affects the concentration 
of gaseous reactants and the products. From the ideal gas equation, we have 


pV =nRT = p= RT 


The pressure and volume are inversely related and the concentration term (n/V) is directly related to the pressure of the gas. 
We have p « n. So if we increase pressure, the reaction will go in the direction where number of moles are less and 
vice versa. For example, consider, the reaction 


A(g) = 2B(g) 


Here, An, > 0. So, 
(i) If pressure increases, then n increases, therefore, the reaction will move in the direction where n decreases, that is 
in the backward direction. 
(ii) If pressure decreases, then n decreases, therefore, the reaction will move in the direction where n increases, that is 
in the forward direction. 
Now consider the reaction 


2A(g) = B(g) 


Here, An, < 0. So, 
(i) If pressure increases, then n increases, therefore, the reaction will move in the direction where n decreases, that is 
in the forward direction. 
(ii) If pressure decreases, then n decreases, therefore, the reaction will move in the direction where n increases, that is 
in the backward direction. 
In the following reaction 


A(g) = Big) 


Here, An, = 0. So, no effect of change in pressure on the equilibrium is observed. 
Consider another example of equilibrium in gaseous phase 


N,O,(g) = 2NO,(g) 
2 
The reaction quotient is O= [NO,] 
[N.0,] 


When the pressure is increased in the cylinder containing the equilibrium mixture using a movable piston, the volume 
decreases and the concentration of both NO, and N,O, increases. In the expression for reaction quotient, the concen- 
tration term for NO, is squared, so the numerator increases more than the denominator and the equilibrium state will 
compensate for the stress by shifting the reaction in the backward direction. 


Effect of Change of Volume 
We know that V « 1/p and p « n. Therefore, if we increase the volume, the pressure is decreases and the reaction will 
go in the direction in which the number of moles is more. For example, consider the following reaction: 

A(g) = 2B(g) 


Here, An, > 0. So, 
(i) If volume increases, pressure decreases and n decreases, therefore, the reaction will move in the direction where n 
increases, that is in the forward direction. 
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(ii) If volume decreases, pressure increases and n increases, therefore, the reaction will move in the direction where n 
decreases, that is in the backward direction. 
Now consider the reaction 


2A(g) = B(g) 


Here, An, < 0. So, 
(i) If volume increases, then pressure decreases and n decreases, therefore, the reaction will move in the direction 
where n increases, that is in the backward direction. 
(ii) If volume decreases, then pressure increases and n increases, therefore, the reaction will move in the direction 
where n decreases, that is in the forward direction. 
Now consider the following reaction 


A(g) = B(g) 


Here, An, = 0. So, no effect of change in volume on the equilibrium is observed. 


Effect of Change in Temperature 


An increase in temperature favors the forward reaction in the case of an endothermic process and the backward reac- 
tion in an exothermic process. For example, in formation of ammonia (exothermic process) low temperature favors 
the forward reaction and high temperature favors the backward reaction. The equation showing heat as a product can 
be written as follows. 

N, (g) ++3H,(g) = 2NH,(g) +92 kJ 


If we add heat (increase the temperature), the reaction shifts in a direction to remove that heat. If we remove heat by 
cooling the reaction mixture, the equilibrium shifts in a direction to replace that heat loss. For an exothermic reaction, 
cooling the reaction mixture increases the concentration of products when equilibrium is re-established. For an endo- 
thermic reaction, where heat can be considered as a reactant, heating the reaction mixture increases the concentration 
of products at equilibrium. An increased concentration of NH, at equilibrium is favored at low temperatures. The 
system attempts to compensate for the loss of heat by formation of more NH, and, with it, more heat. 


3H, (g)+N,(g) =2NH,(g); AH® =—46.19 kJ 


K =, [NH,]° 
The equilibrium constant is c~ (H,PING] 
K 
or log—* = eet | ies (9.18) 
TO 203K, 


Similarly, for manufacture of sulphuric acid by contact process, low temperature will also shift the equilibrium in the 
forward reaction. 


280, +O, = SO, +188.56 kJ 


Note: In the contact process, the forward reaction and hence the yield of sulphur trioxide is also favored by increase 
in concentration of SO, and O, and high pressure. 


For an exothermic reaction 
A= Btheat 


(i) If temperature T increases, the reaction moves in the direction where less heat is evolved, that is, in the backward 
direction. 
(ii) If temperature T decreases, the reaction moves in the direction where more heat is evolved, that is, in the forward 
direction. 
For an endothermic reaction 


A+t+heat —=B 
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(i) If temperature T decreases, the reaction moves in the direction where less heat is evolved, that is, in the forward 
direction. 

(ii) If temperature T decreases, the reaction moves in the direction where more heat is evolved, that is,in the backward 
direction. 


Effect of Addition of Inert Gas 


When an inert gas, such as argon, helium or neon is added to a reaction mixture in equilibrium, the effect on equilib- 
rium constant is determined by the conditions under which the addition is carried out. 


1. Constant volume: If the inert gas is added such that volume of reaction mixture remains constant, then p,,,,, must 
increase. Initially, D,.131 = Preactant + P product 2Nd after addition of inert gas it is P,o.91 = Preactant + P product + Pinert gass HOWEVET, 
the partial pressures of reactants and products or the concentrations of the products and reactants (i.e., ratio of 
their moles to the volume of the container) are not changed. So, there is no shift in the equilibrium. 


2. Constant pressure: If the inert gas is added such that the pressure of equilibrium mixture does not change, then 
the total volume of the gases must increase. Here, initially, Dota: = Preactant +P product AN after addition of inert gas it is 
Prorat = Preactant + P product + Pinert gas: SINCE, Pot, before and after addition of inert gas is the same, so partial pressures of 
the reactants and products must undergo a change. In other words, the number of moles per unit volume of vari- 
ous reactants and products will decrease. Hence, the equilibrium will shift towards the direction in which there is 
increase in number of moles of gases. 


For example, if helium is added in the reaction of decomposition of dinitrogen tetraoxide at constant volume, the total 
pressure of the gases increases and the mole fraction of NO, and N,O, decreases. However, since the partial pressures 
of each gas do not change as the product of mole fraction and total pressure remain the same, the equilibrium is not 
affected. 


Some Special Cases 


In case of equilibrium in which activity of reactant and product is unity, in some cases on increasing pressure, the reac- 
tion goes in the direction where volume decreases. For example, 


Carbon = Carbon AH = positive 
(graphite) (diamond) 


Here, as density (d) increases, volume (V) decreases (in going from graphite to diamond) and vice versa. Therefore, 
on increase in pressure, the reaction goes in the direction where the volume is less, that is, in the forward direction. 
Similarly, on increase in temperature, the reaction goes in the forward direction. Thus formation of diamond from 
graphite is favorable at high pressure and temperature. 
Now consider the case of conversion of ice into water. 


H,O=H,0O AH = positive 
(ice) (water ) 
Usually on the density of substance as solid is more than its density in the liquid form. However, ice is an exception to 
this property. So the density decreases and volume increases as ice is converted to water and vice versa for conversion 
of water into ice. Therefore, on increase in pressure, the reaction goes in the direction where volume is less, that is, in 
the forward direction. On increasing temperature, the reaction moves in the forward direction. Thus melting of ice is 
favored at high temperature and high pressure. 


Effect of Adding Catalyst 


Fritz Haber discovered a heterogeneous catalyst (certain transition metal oxides) that increased the rate of synthesis 
of ammonia. In the presence of the catalyst, the reaction can be run at around 500°C instead of over 1000°C without 
a catalyst. At the lower temperature, the reaction proceeds smoothly with a significant yield of NH,. 

A catalyst in a system that reaches a point of equilibrium increases the rate of both the forward and reverse reac- 
tions proportionally, but does not change the point of equilibrium. The function of a catalyst is simply to reach the point 
of equilibrium in less time. If K of a reaction has a very small value, a catalyst cannot play a major role. However, with 
a catalyst, exothermic reactions can be run at considerably lower temperatures, thus increasing the yield of products. 


https://telegram.me/unacademyplusdiscounts 


Telegram @unacademyplusdiscounts 


9.8 | Le Chatelier’s Principle and Factors Affecting Equilibria 


The use of catalyst can also influence the formation of one of the products in preference, when the possibility 
of formation of more than one products exists in the equilibrium reaction mixture. This is illustrated in the case of 
Ostwald process for the synthesis of nitric acid. The nitric oxide used is prepared by oxidation of ammonia. 


4NH,(g)+50,(g) = 4NO(g) + 6H,O(g) 


The nitric oxide formed then undergoes the following reactions to form nitric acid: 
2NO(g) + 50, (g) > 2NO,(g) 
3NO,(g)+H,O(1) = 2HNO, (aq) 


or it may dissociate to its elements 
2NO(g) = N,(g)+0,(g) 
The equilibrium mixture may thus contain dinitrogen and water instead of nitric oxide 
4NH,,(g)+30,(g) = 2N,(g)+6H,O(g) 


It was discovered by German chemist Wilhelm Ostwald that the use of platinum catalyzed the reaction of oxidation 
of ammonia to nitric oxide. Using this catalyst, nitric oxide can be obtained at moderate temperatures under which its 
dissociation into the elements (N, and O,) does not take place. 


Solved Example 9-40 


1.44x10° AH = - = 


For the formation of ammonia the equilibrium constant weget 7 30310 = 


data at 673K and 773K, respectively, are 1.64 x 10“ and 1.64x10* 8.3141 773 x 673 
ae x PSS a aa heat of the reaction. ee AH(100) 
die — pees 8.314 773x673 
Solution or 100 x AH = 2.303 x (—1.0565) x 673 x 773 x 8.314 
Substituting the values in the equation 673X773 X 2.303 X -1.0565 x 8.314 
henee © AA = A 
inne — AH| B-T, 100 
"K R| BT = -105216 J = -105.216 kJ 
Pr 


Solved Example 9-411 | 


The reaction N,O,(g) = 2NO,(g) is endothermic, with the change. Since more gas molecules are formed if 
AH® = + 56.9 kJ. How will the amount of NO, at equilib- some N,O, decomposes, the amount of NO, at equi- 
rium be affected by (a) adding N,O,, (b) lowering the pres- librium will increase. 

sure by increasing the volume of the container, (c) raising (¢) Because the reaction is endothermic, we write the 
the temperature, and (d) adding a catalyst to the system? equation showing heat as a reactant: 


Which of these changes will alter the value of K,? 
Heat + N,O,(g) = 2NO,(g) 


Solution _ ' ; : 

; ; ; 7 Raising the temperature is accomplished by adding 
We are applying various types of disturbances to ae equilib- heat, so the system will respond by absorbing heat. 
rium mixture of NO, and N,O,. The tool we use to judge the This means that the equilibrium will shift to the right 
effects of such disturbances is Le Chatelier’s principle. As and the amount of NO, at equilibrium will increase. 


we discussed above, we expect the equilibrium to shift to (d) 


: : . A catalyst causes a reaction to reach equilibrium 
the left or right to counteract the disturbance in most cases. 


more quickly, but it has no effect on the position of 


(a) Adding N,O, will cause the equilibrium to shift to the chemical equilibrium. Therefore, the amount of NO, 
right, that is, in a direction that will consume some of at equilibrium will not be affected. 
the added N,O,. The amount of NO, will increase. Finally, the only change that alters K is the tem- 
(b) When the pressure in the system drops, the system perature change. Raising the temperature (adding 
responds by producing more molecules of gas, which heat) will increase K, for this endothermic reaction. 


will tend to raise the pressure and partially offset 
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Consider the equilibrium PCl,(g)+4H,O(g) = H,PO, (1) 
+5HCl(g). How will the amount of H,PO, at equilibrium 
be affected by decreasing the volume of the container 
holding the reaction mixture? 


Solution 


This is an example of heterogeneous equilibrium. Only 


the gases will be affected by the volume of the container. 
But the stoichiometric ratio of the reactants to products 
is 5:5, so as the volume is changes, the number of moles 
of gas will not change, therefore the reaction will not 
change, and there will be no change in the amount of 
H,PO,. 


Solved Example 9-43 | 


Consider the equilibrium PCl,(g)+Cl,(g) = PCl,.(g), 
for which AH° = —88kJ. How will the amount of Cl, at 
equilibrium be affected by (a) adding PCl,, (b) adding 
PCI,, (c) raising the temperature, and (d) decreasing the 
volume of the container? How (if at all) will each of these 
changes affect K, for the reaction? 


Solution 


(a) The equilibrium will shift to the right, decreasing 
the concentration of Cl, at equilibrium, and consum- 
ing some of the added PCI. The value of K,, will be 
unchanged. 

(b) The equilibrium will shift to the left, consuming some 

of the added PCI, and increasing the amount of Cl, at 

equilibrium. The value of K, will be unchanged. 


(c) For any exothermic equilibrium, an increase in tem- 
perature causes the equilibrium to shift to the left, in 
order to remove energy in response to the stress. This 
equilibrium is shifted to the left, making more Cl, 
and more PCI, at the new equilibrium. The value of 
K, is given by the following: 


K = Pra, 


a 
Pea, * Pa, 


In this system, an increase in temperature (which 
causes an increase in the equilibrium concentrations 
of both PCI, and Cl, and a decrease in the equilib- 
rium concentration of PCl,) causes an increase in 
the denominator of the above expression as well as 
a decrease in the numerator of the above expression. 
Both of these changes serve to decrease the value 
of K,,. 

Decreasing the container volume for a gaseous sys- 
tem will produce an increase in partial pressures for 
all gaseous reactants and products. In order to lower 
the increase in partial pressures, the equilibrium 
will shift so as to favor the product side having the 
smaller number of gaseous molecules, in this case 
to the right. This shift will decrease the amount of 
Cl, and PCL, at equilibrium, and it will increase the 
amount of PCl, at equilibrium. While the change in 
volume will change the position of the equilibrium, it 
does not change the value for K,,. 


(d) 


Solved Example 9-44 | 


When 3.06 g of solid NH,HS is introduced into a 2 L evac- 
uated flask at 270°C, 30% of the solid decomposes into 
gaseous ammonia and hydrogen sulphide 


(a) Calculate K, and K, for the reaction at 27°C. 
(b) What would happen to equilibrium when more solid 
NH,HS is introduced into the flask? (IIT-JEE 1999) 


Solution 
The reaction along with the given data is 
NH,HS(s) =  NH,(g) + _-—#H,S(g) 


3.06 g=-0.06 mol 0 0 
0.7 x 0.06 mol 0.3x0.06 mol 0.30.06 mol 


Initial moles 
Moles at 


equilibrium 


(a) The equilibrium constant K; is 


K, = [NH,(g)][H,S(g)] = jal 


=8.1x10° mol? L” 


—) 
2 


The equilibrium constant K, is 


K, =K(RT)"= (8.1x10")[0.082 300} 
=4.90 x107 atm? 


(b) No effect on the equilibrium will be observed by 
introducing more of solid NH,HS as the equilibrium 
constant does not depend of the concentration of 
solid NH,HS. 
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Solved Example 9-45 | 


The equilibrium constant for the reaction H, +1, = 2HI 
is found to be 64 at 450°C. If 6 mol of hydrogen are mixed 
with 3mol of iodine in a liter vessel at this temperature, 
what will be the concentration of each of the three com- 
ponents, when equilibrium is attained? If the volume of 
reaction vessel is reduced to half, then what will be the 
effect on equilibrium? 


Solution 


The equilibrium reaction can be represented as: 


H, + lL = 2HI 
Initial moles 6 3 0 
Moles at equilibrium 6-x 3-x 2x 
Concentration at equilibrium =— as = 2 — 


The equilibrium constant is 
(2x)° 
=——_—_ > 
© (6=x)(3—x) 
16(x* —9x +18) = x? 


Solving, we get x = 2.84. Hence, the concentration of the 
species at equilibrium is 


De | eee 
1 1 

pH, = 92% = 9-284 _ 316M 
1 1 

fj pio 


In the present reaction, An = 0; hence, volume change will 
not affect the equilibrium. 


Solved Example 9-6 | 


The reaction CuSO, -3H,O(s) = CuSO,-H,O(s) has 
the dissociation pressure is 7 x 10~ atm at 25°C and AH® = 
2750 cal. What will be the dissociation pressure at 127°C? 


Solution 


The equilibrium constant is K, =(Pu,0 )’=(7x 10°)? atm?= 
4.9 x 10° atm? 
Since AH® = 2750 cal, so using van’t Hoff equation, we get 


[K,(127°C)] AH FE = a] 
[K,(25°C)]  2.303x R| 400 x 298 
et [K,(127°C)] __ 2750 102 
[4.9x10°]  2.303x2[ 119200 


On solving, we get K,(127°C) = 3.2426 x 4.9 x 10° so 


Puyo (127°C) = ,[K, (127°C) = 1.26 x 107 atm 


Solved Example | 9-47 | 


Describe the effect of (a) addition of H,, (b) addition of 
CH,OH, (c) removal of CO and (d) removal of CH,OH 
on the equilibrium of the reaction: 


2H,(g)+CO(g) = CH,OH(g) 
Solution 
The equilibrium constant for the given reaction is 


[CH,OH] 


°~ [H,)[CO] 


(a) Addition of H, will shift the reaction in the forward 


direction. 


Addition of CH,OH will shift the reaction in the 
reverse direction. 


(b) 


When CO is removed, the reaction will move in the 
reverse direction. 


(c) 


(d) 


When CH,OH is removed, the reaction will move in 
the forward direction. 
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SOLVED OBJECTIVE QUESTIONS FROM PREVIOUS YEAR PAPERS 


1. The following equilibria are given: 
K, 
N,+3H, = 2NH, 
K, 
N, +0,—=2NO 


1. *3 
Hy ee =H,0 


The equilibrium constant of the reaction 2NH, + 70, = 
2NO + 3H,O in terms of K,,K,and K,is (IIT-JEE 2003) 


2 
(A) Sife (By AwS 
3 x 
co pee (D) K,K,K, 
K, 
Solution 


(C) The reaction can be rearranged and summed to obtain 
the resultant reaction as 


2NH, =N,+3H, (1/K,) 
3H, +40, =3H,0 (K,) 
N,+0,=2NO K, 
2NH, +50, = 2NO+3H,O 


The equilibrium constant is Ki(Ky 


1 


2. Which is correct statement if N, is added at equilibrium 
condition? 


(A) The equilibrium will shift to forward direction because 
according to the second law of thermodynamics the 
entropy must increases in the direction of spontane- 
ous reaction. 

(B) The condition for equilibrium is Gy, +3G,, = 2Gyy, 
where G is Gibbs energy per mole of the gaseous 
species measured at that partial pressure. The condi- 
tion of equilibrium is unaffected by the use of cata- 
lyst, which increases the rate of both the forward and 
reverse reactions to the same extent. 

(C) The catalyst will increase the rate of forward reaction 
by a and that of reverse reaction by B. 

(D) The catalyst will not alter the rate of either of the 
reaction. (IIT-JEE 2006) 


Solution 


(B) This is because change in Gibbs energy is given by: 
AG(reaction) = AG(products) — AG(reactants) 


Also, catalyst only speeds up the reaction without 
affecting the equilibrium conditions. 


3. The equilibrium 2Cu = Cu+Cu in aqueous medium at 


25°C shifts towards the left in the presence of 


(A) NO; (B) Cr 
(C) SCN” (D) CN" (IIT-JEE 2011) 
Solution 


(B, C, D) The reaction of Cu* ions with CN’, SCN7 
and CuCl, will lead to the formation of [Cu(CN),]*, 
[Cu(SCN),]* and CuCl which will shift the reaction in the 
reverse direction. 


Cu** +2CN” = Cu(CN), 
2Cu(CN), = 2CuCN +(CN), 
CuCN + 3CN” =[Cu(CN),]*- 
Cu2* + 4SCN- = [Cu(SCN),]* 
CuCl, + Cu = 2CuCl 


. The thermal dissociation equilibrium of CaCO,(s) is stud- 


ied under different conditions 
CaCO, (s) = CaO(s) + CO, (g) 


For this equilibrium, the correct statement(s) is (are) 
(A) AH is dependent on T. 
(B) K is independent of the initial amount of CaCO,. 
(C) K is dependent on the pressure of CO, at a given T. 
(D) AH is independent of catalyst, if any. 
(JEE Advanced 2013) 


Solution 


(D) For the reaction CaCO, (s) = CaO(s) +CO,(g), 
AH is dependent on temperature according to 
Kirchhoff’s equation AH, —AH, =C,(T, —T,), but 
it is independent of addition of catalyst. 

The equilibrium constant (K) is independent of ini- 
tial amount of CaCO, and pressure of CO, at a given 
temperature. 


. The % yield of ammonia as a function of time in the 


reaction 
N, (g) + 3H, (g) == 2NH, (g), AH <0 


at (p, T,) is given below, 


% yield 


Time 


If this reactions is conducted at (p, T,), with T, > T,, 
the % yield of ammonia as a function of time is repre- 
sented by 
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> 
os 
Time 
(B) 

ao) 
x) 
> 
x 

(C) 
zB 
@ 
> 
3s 

(D) 
DB 
x) 
> 
32 

Time 
(JEE Advanced 2015) 
Solution 


(B) The equilibrium yield of ammonia gets lowered with 
the increase of temperature. However, at higher tem- 
perature the initial rate of forward reaction would be 
greater than at lower temperature that is why the per- 
centage yield of NH, would be more initially. 


. Consider the reaction equilibrium, 2SO,(g)+O,(g) = 

2SO,(g) with AH° = -198kJ. On the basis of Le Chatelier’s 

principle, the condition favorable for forward reaction is 
(AIEEE 2003) 

(A) lowering of temperature as well as pressure. 

(B) increasing temperature as well as pressure. 

(C) lowering the temperature and increasing the pressure. 

(D) any value of temperature and pressure. 


Solution 


(C) According to Le Chatelier’s principle, for an exother- 
mic reaction, on lowering the temperature will shift 
the reaction in forward direction. Also, as the number 
of gaseous moles is decreasing, so on increasing the 
pressure, the reaction will shift in forward direction. 


10. 
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Solved Objective Questions from Previous Year Papers 


. For the reaction equilibrium, N,O,(g) = 2NO,(g) the con- 


centrations of N,O, and NO, at equilibrium are 4.8 x 107 


and 1.2 x 10° molL", respectively. The value of K, for the 
reaction is (AIEEE 2003) 
(A) 33x10? mol L* (B) 3x10" molL7 

(C) 3x10° molL" (D) 3x10’ molL" 


Solution 
(C) The equilibrium concentration is 


_[NO,P _ (12x 107)’ 


= =3x10° molL* 
[N,O,] (48x10) 


Cc 


. What is the equilibrium expression for the reaction 


P,(s) + 5O,(g) = P,O,o(s)? 
[P,O.0] B 1 


A = : 
) Ke= Pp toF 


(C) K, =[0,f 


Solution 


The equilibrium constant is given by K, = LO) 


[P,][0,P 
As the concentration of solids is taken as unity, we have 


. For the reaction CO(g)+ Cl,(g) = COCL,(g) the ratio 


K,/K¢ is equal to (AIEEE 2004) 
(A) (/RT) (B) 1.0 

(C) JRT (D) RT 

Solution 


(A) We know that K, = K, (RT)” where An = number of 
moles of products in gaseous phase—number of moles 
of reactants in gaseous phase = 1-2 =—1 


K 
Substituting, we get K,= K-(RT)" me ie 1 


K. RT 


The equilibrium constant for the reaction N,(g) + O,(g) = 
2NO(g) at temperature Tis 4 x 10“. The value of K- for the 
reaction NO(g) = 4N,(g)+40,(g) at the same tempera- 


ture is (AIEEE 2004, 2012) 
(A) 25x10? (B) 0.02 

(C) 4x 107 (D) 50 

Solution 


(D) Consider the reaction N,(g)+0O,(g) =2NO(g) 
where given K.=4 x 10“. Reversing the equation and 
dividing it throughout by 2, we get 

NO(g) > 3N,(g) + 70, (8) 


The new equilibrium constant is 


1/2 1/2 
1 1 
Ki=|—] = =50 
© ) (a) 
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11. 


12. 


13. 


14. 


In a cell that utilizes the reaction Zn(s)+2H*(aq) > 
Zn** (aq) + H,(g), addition of H,SO, to cathode compart- 
ment, will (AIEEE 2004) 
(A) lower the E and shift equilibrium to the left. 

(B) increases the E and shift equilibrium to the left. 

(C) increase the E and shift equilibrium to the right. 

(D) lower the E and shift equilibrium to the right. 


Solution 


(C) This is because according to Le Chatelier’s principle, 
increase in H’ ions will shift the equilibrium in the for- 
ward direction. 


An amount of solid NH,SH is placed in a flask already 
containing ammonia gas at a certain temperature and 
0.50 atm pressure. Ammonium hydrogen sulphide decom- 
poses to yield NH, and HS gases in the flask. When the 
decomposition reaction reaches equilibrium, the total 
pressure in the flask rises to 0.84 atm. The equilibrium 
constant for NH,SH decomposition at this temperature is 


(AIEEE 2005) 
(A) 0.30 (B) 0.18 
(C) 0.17 (D) 0.11 
Solution 
(D) The reaction involved is 
NH,HS = NH, (g) + H,S(g) 
Initial pressure py 0.5 0 
Pressure at equilibrium p,—p 05+p  p 


The total pressure at equilibrium is 0.5 + 2x = 0.84 
(given) 
Solving, we get x = 0.17 Therefore, 


K,, = Pyn, X Pus = (0-67) x (0.17) = 0.1139 


The exothermic formation of CF, is represented by the 
equation: 


Cl, (g) + 3F,(g) = 2CIF,(g); A,H = -329 kJ 


Which of the following will increase the quantity 
of CIF, in an equilibrium mixture of CL, F, and CIF,? 

(A) Increasing the temperature 

(B) Removing Cl, 

(C) Increasing the volume of the container 


(D) Adding F, (AIEEE 2005) 


Solution 


(D) According to Le Chatelier’s principle, on increasing 
the concentration of reactants (i.e., adding F,) will 
shift the equilibrium in the forward direction. 


For the reaction 2NO,(g) = 2NO(g)+0,(g), Kc = 18 x 

10° at 184°C and R = 0.0821 kJ mol K. When K, and K, 

are compared at 184°C it is found that (AIEEE 2005) 

(A) K, is greater than K,. 

(B) K, is less than K, 

(C) K,=Ke 

(D) Whether K, is greater than, less than or equal to K, 
depends upon the total gas pressure. 


15. 


16. 


17. 
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Solution 


(A) We know that K, = K, (RT)*" 
where An = number of moles of products in gaseous 
phase — number of moles of reactants in gaseous phase 
=3-2=1 
Substituting, we get K,=K((RT)>K,>K¢ 
Phosphorus pentachloride dissociates as follows, in a closed 
reaction vessel, PCl;(g) = PCI,(g) + CL,(g). If total pres- 
sure at equilibrium of the reaction mixture is p and degree 
of dissociation of PCI, is x, the partial pressure of PCI, 


will be (AIEEE 2006) 
x 2x 

a (45 )e @) (Jp 
xX x 

(C) (ao (D) (=p 

Solution 


(A) The reaction can be represented as 


PCI,(g) = PCL,(g) + CL,(g) 
0.5 0 


1-x x x 


Initial moles 1 
Moles at equilibrium 


The total number of moles at equilibrium = 1 — x + x 
+x=1+x 
Therefore, the partial pressure of PCI, is 


x 
Pea,) = eal Pp 


The equilibrium for the reactionSO,(g)—=SO,(g)+40,(g) 
is K. = 4.9 x 10°. The value of K, for the reaction 
2SO,(g)+ O,(g) =2SO,(g) will be (AIEEE 2006) 


(A) 416 (B) 2.40 x 107 
(C) 9.8 x 107 (D) 4.9x 10° 
Solution 
(A) For SO,+450,=SO, K,=(1/K,) 
For 2S8O,+0, =2SO, Ki=(I/K-y 
The equilibrium constant is 
10° 10000 


=4.1649 x 100=416.49 


; 1 \ 
Ko= =|= 
4.9x10 49x49 24.01 


The equilibrium constants K,, and K,, for the reactions 
X—2Y and Z—P+Q, respectively, are in the ratio 
of 1:9. If the degree of dissociation of X and Z be equal, 
then the ratio of total pressure at these equilibria is 


(A) 1:36 (B) 1:1 (C) 1:33 (D) 1:9 (AIEEE 2008) 
Solution 


(A) The reaction can be expressed as 
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xX = 2Y 
Initial moles 1 0 
Moles at equilibrium (1-a@) 2a 


Now, the enthalpy of the reaction is 


aH == + AH, + AH, ==" 349 — 381 
=-610 kJ mol 
2 1 
Therefore, K, = anikeed 
' (-a)\l+a 
The other reaction can be expressed as 
Z =P+QO 
Initial moles 1 0 0 


Moles at equilibrium (1-a@) a @ 


fer x (322 ) 
Pm d-a)\l+a 


Given that the ratio of equilibrium constants is 


Here, 


K,, 9 
Therefore, the ratio of their pressures is 


a*o 1 Pin 1 
Py» 9 Pp, 36 


18. For the following three reactions A, B and C, the equilib- 


19. 


rium constants are given: 


A. CO(g) + H,0(g) —==CO, (g) + H, (2) 
K, 


B. CH,(g) + H,O(g) CO(g) + 3H, (g) 


K, 


C. CH, (g) +2H,O(g) CO,(g) + 4H,(g) 


Which of the following relations is correct? 


(A) K(k)” =K, (B) K,K,=K, 
(C) K,=K,K, (D) K,(K,) = (K,y 

(AIEEE 2008) 
Solution 


(C) The expression for K, is 
_ [CO,][H,}' 
* (CH, ][H,OP 
which can be obtained by K, x K, 

_ [CO,][H,] | [COJ[H,] 

[CO][H,O] [CH,][H,0] 
_ (co, JH] _ 

[CH,][H,OP  * 


K,xK, 


A vessel at 100 K contains CO, with a pressure of 0.5 atm. 
Some of the CO, is converted into CO on the addition of 
graphite. If the total pressure at equilibrium is 0.8 atm, the 
value of K, is 


20. 


21. 
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Solved Objective Questions from Previous Year Papers 


(A) 3 atm (B) 0.3 atm 
(C) 0.18 atm (D) 18 atm (ATEEE 2011) 
Solution 


(D) The reaction can be expressed as 


CO,(g)+C = 2CO(g) 
Initial moles Pp D 0 


Moles at equilibrium p-x p-x 2x 


Total pressure at equilibrium = 0.8 atm (given) 
Total number of moles at equilibrium = p—x + 2x =p+x 
Also, since p < n, 

p _05 


ptx 08 


Solving, we get x = 0.3. Now, 


where Poo, = p-~X=0.5-0.3=0.2 atm and ppg = 2x = 
2 x 0.3 = 0.6. Therefore, 


0.2 
The following reaction is performed at 298 K. 
2NO(g) + O,(g) = 2NO, (g) 


The standard free energy of formation of NO(g) is 86.6 kJ/ 
mol at 298 K. What is the standard free energy of formation 
of NO,(g) at 298 K? (K, = 1.6 x 10”) 


(A) 86600 + R(298) In (1.6 x 10”) 
In(1.6 x 10”) 
R(298) 


(C) 0.5[2 x 86,600 — R(298) In (1.6 x 10)] 
(D) R(298) In(1.6 x 10") - 86600 


(B) 86600 — 


(JEE Main 2015) 
Solution 


(C) AG? = 2AGwo,) —[2AG No) +AGo,)] 
=2x-[2x86,600+ 0] 
Also, AG° = —RT In K, 
—R(298)In(1.6 x 10"*) = 2x —2 x 86,600 
x = 0.5[2 x 86600 — R(298) In(1.6 x 107] 


The standard Gibbs energy change at 300 K for the reaction 
2A = B + Cis 2494.2 J. At a given time, the composition of 


1 1 
the reaction mixture is [A] = —, [B] = 2 and [C]=—. The 
reaction proceeds in the: 2 2 


[R = 8.314 J/K/mol, e = 2.718] 


(A) reverse direction because Q > K;, 
(B) forward direction because Q < K, 
(C) reverse direction because Q < Ke, 
(D) forward direction because Q > K; 


(JEE Main 2015) 
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Solution 


(A) We know that 
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Using the equation, 

AG =AG®° + RT InQ = 2494.2 + 8.314 3001n4 
we would get a positive quantity. Now, AG® = RT In K,. 
So, AG = RT In(Q/ K,). 


As AG is positive, so Q > K, and thus the reaction shifts in 
the reverse direction. 


REVIEW QUESTIONS 


1. 


2. 


3. 


4. 
5. 


Explain why pure liquids and solids can be ignored while 
writing the equilibrium constant expression. 

What is the difference between a heterogeneous equilib- 
rium and a homogeneous equilibrium? 

The ester, ethyl acetate, is formed by the reaction of ethanol 
and acetic acid and the equilibrium is represented as: 


CH,COOH(1) + C,H,OH(1) 
= CH,COOC,H,(1) + H,O(1) 

(a) Write the concentration ratio, Q., for this reaction. 

Note that water is not in excess and is not a solvent in 

this reaction. 

At 293 K, if one starts with 1.000 mol of acetic acid 

and 1.180 mol of ethanol, there is 0.171 mol of ethyl 

acetate in the final equilibrium mixture. Calculate the 
equilibrium constant. 

Starting with 0.500 mol of ethanol and 1.000 mol of 

acetic acid and maintaining it at 293 K, 0.214 mol 

of ethyl acetate is found after some time. Has equilib- 
rium been reached? 

We do not use dilute aqueous solutions for this reac- 

tion. Why? 

Why is some concentrated sulphuric acid usually 

added to reaction mixture in the laboratory prepara- 

tion of ethyl acetate. 

(f) Since the heat of reaction is nearly zero for this reac- 
tion, how will the equilibrium constant depend upon 
the temperature? 

Define physical equilibrium with examples. 

For the exothermic formation of sulphur trioxide from sul- 

phur dioxide and oxygen in the gas phase: 


(b) 


(c) 


(d) 
(e) 


2S0,(g) + O,(g) = 2SO,(g) 


K, = 40.5 atm™ at 900 K and A,H = -198 kJ mol" 
(a) 


Write the expression for the equilibrium constant for 
the reaction. 

At room temperature (=300 K) will K, be greater 
than, less than or equal to K,, at 900 K. 

How will the equilibrium be affected if the volume of 
the vessel containing the three gases is reduced, keep- 
ing the temperature constant. What happens? 

What is the effect of adding 1 mol of He(g) to a flask 
containing SO,, O, and SO, at equilibrium at constant 
temperature. 


(b) 
(c) 


(d) 


. Why doesn’t a catalyst affect the position of equilibrium in 


a chemical reaction? 


. Under what conditions will the following reactions go in : 
fi telegram. e/Unacademyplusdiscounts Figure 9.8 


ttps 


the forward direction? 


10. 


11. 


12. 


(a) 2S0,(g)+ 0O,(g) =2SO,(g)+ 45 kcal + 45 kcal. 
(b) N,(g)+0O,(g) = 2NO(g) + 27.8 kcal 
(c) PCI.(g) = PCI,(g) + Cl,(g) -— X kcal 


. Consider the following equilibrium. 


2NaHCO,(s) = Na,CO,(s) + CO,(g) + H,O(g) 


If you were converting between K, and K,, what value of 
An, would you use? 


- How will the value of K, for the following reactions be 


affected by an increase in temperature? 

(a) CO(g)+2H,(g) =CH,OH(g) AH? = -18 kJ 
(b) N,O(g)+NO,(g) =3NO(g) AH? = +155.7kJ 
(c) 2NO(g)+ClL,(g) =2NOCI(g) AH® = -77.07kJ 


Write the equilibrium law for each of the following gase- 
ous reactions in terms of molar concentrations and partial 
pressures. 

(a) 2PCl,(g)+O,(g) =2POCI, (g) 

(b) 2SO,(g)=2SO, (g)+ O,(g) 

(c) N,H,(g)+20, (g)—=2NO(g) + 2H,O(g) 

(d) NH, (g)+6H,0, (g)=2NO,(g) + 8H,O0(g) 

(e) SOCL,(g)+ H,O(g)=SO,(g) + 2HCl(g) 


How will the position of equilibrium in the following 
reaction 


Heat + CH,,(g)+ 2H,S(g)=CS,(g)+ 4H, (g) 


be affected by: (a) adding CH,(g), (b) adding H,(g), 
(c) removing CS,(g), (d) decreasing the volume of the con- 
tainer and (e) increasing the temperature? 
Two 1.00 L bulbs are filled with 0.500 atm of F,(g) and 
PF,(g), as illustrated in Fig. 9.8. At a particular tempera- 
ture, K, = 4.0 for the reaction of the gases to form PF.(g): 


F,(g)+ PF,(g) = PF,(g) 


(a) The stopcock between the bulbs is opened and the 
pressure falls. Make a sketch of this apparatus show- 
ing the gas composition once the pressure is stable. 

(b) List any chemical reactions that continue to occur 
once the pressure is stable. 

(c) Suppose all the gas in the left bulb is forced into the 
bulb on the right and then the stopcock is closed. 
Make a second sketch to show the composition of the 
gas mixture after equilibrium is reached. Comment on 
how the composition of the one-bulb system differs 
from that for the two-bulb system. 

13. Use the following equilibria 


2CH ,(g) = C,H,(g)+Hi(g) Ke =9.5x10" 


CH ,(g) + H,O(g) = CH, OH(g)+H,(g) K,=2.8x107! 
to calculate K, for the reaction 
2CH ,OH(g) + H,(g) = C,H,(g) +2H,O(g) 


14. Define the state of equilibrium. What are the general char- 
acteristics of the following equilibria? 
(a) Solid—liquid 
(b) Liquid—vapor 
(c) Solid—vapor 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 
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Numerical Problems 


What are the general characteristics of equilibrium involv- 
ing physical processes? 

What are reversible and irreversible reactions? Give one 
example of each. 

State the law of mass action. 

The equilibrium constant of a reaction is 2 x 10° at 
25°C and 2 x 10° at 50°C. Is the reaction exothermic or 
endothermic? 

Deduce the expression for equilibrium constant using the 
law of mass action. 

What qualitative information can you obtain from the 
magnitude of equilibrium constant? 


For the reaction N,(g) + 3H,(g) = 2NH,(g), at 400 K, K, = 
41. Find the value of K, for each of the following reactions 
at the same temperature: 


(a) 2NH,(g) = N,(g)+3H,(g) 
(b) 3N,(g) + 3H, (g) = NH,(g) 
(c) 2NH,(g) = N,(g)+3H,(g) 


Why does manufacture of ammonia by Haber’s process 
require higher pressure, low temperature, use of catalyst? 
Using Le Chatelier’s principle, explain the effect of pres- 
sure on the solubility of gases in liquids. 


NUMERICAL PROBLEMS 


1. Nitrous oxide, N,O, sometimes called laughing gas has a 
strong tendency to decompose into nitrogen and oxygen 
following the equation 


2N,0(g) = 2N,(g)+O,(g) 


but the reaction is so slow that the gas appears to be stable 
at room temperature (25°C). The decomposition reaction 
has K, = 73 x 10“. What is the value of K, for this reaction 
at 25°C? 

2. 0.96 g of HI were heated to attain equilibrium 2HI = H, +I,. 
The reaction mixture on titration requires 15.7 mL of N/10 
hypo solution. Calculate the degree of dissociation of HI. 


3. N,O, dissociates as N,O, = 2NO,. At 55°C and 1 atm, 
the percentage dissociation is 50.3%. At what pressure and 
same temperature, the equilibrium mixture will have the 
ratio of N,O,: NO, as 1:8? 

4. One mole of each CL,(g) and Br,(g) were taken in a 2 L 
flask, sealed and heated to some temperature where the 
following equilibrium was established and at equilibrium, 
the mole% of ClBr(g) was 40%. 

C1,(g) + Br, (g) = 2BrCl(g) (1) 


At equilibrium, 2 mol of NO gas was added where the fol- 
lowing additional equilibrium was established. 

2NO(g) + CL, (g) = 2NOCI(g) (2) 
At new equilibrium, mixture was found to contain 0.9 mol 
of BrCl(g). Determine K, for the two equilibria in Eq. (1) 
and (2). 


5. At acertain temperature, K,. = 4.50 for the reaction 
N,0,(g) =2N 


10. 


. The 


If 0.300 mol of N,O, is placed into a 2.00 L container at 
that temperature, what will be the equilibrium concentra- 
tions of both gases? 


. The standard Gibbs energy change for a reaction is AG°= 


—41.8 kJ mol" at 700 K and 1 atm. Calculate the equilib- 
rium constant of the reaction at 700 K. 


reaction NO,(g)+NO(g)=N,O(g)+0,(g) has 
AG?,7, = -9.67 kJ. A 1.00 L reaction vessel at 1000°C 
contains 0.0200 mol NO,, 0.040 mol NO, 0.015 mol N,O 
and 0.0350 mol O,. Is the reaction at equilibrium? If not, 
in which direction will the reaction proceed to reach 
equilibrium. 


. Four moles of hydrogen iodide are taken in a 10 L flask and 


kept at 800 K. It undergoes the following decomposition 
reaction until the equilibrium is attained. The equilibrium 
mixture is found to contain 0.42 mol of iodine. Calculate 
the equilibrium constant of the reaction. 


2HI(g) = H,(g)+1,(g) 


. Five grams of PCl, were completely vaporized at 250°C ina 


vessel of 1.9 L capacity. The mixture at equilibrium exerted 
a pressure of one atmosphere. Calculate the degree of dis- 
sociation, K,. and K, for this reaction. 


The equilibrium constant for the reaction, 


L,(s) + Br, (g) = 2IBr(g) —= is 0.164 at 25°C. 


(a) Bromine gas is introduced into a container with excess 
solid iodine. The pressure and temperature are 0.164 
d 25°C. Find the partial pressure of [Br formed 


O 
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11. 


12. 


13. 


14. 


15. 


16. 


17. 


at equilibrium. Assume that the vapor pressure of 1,(s) 
is negligible. 
(b) Calculate AG° for the above reaction. 


Equilibrium constant, K. for the reaction, 
N,(g)+3H,(g) = 2NH,(g) at 500 K is 0.061. At a par- 
ticular time, the analysis shows that composition of the 
reaction mixture is 3.00 mol L™ N,, 2.00 mol L™ H,, and 
0.500 mol L* NH, Is the reaction at equilibrium? If not, in 
which direction does the reaction tend of proceed to reach 
equilibrium? 


The reaction CuSO,-3H,O(s) == CuSO,-H,O(s); the dis- 
sociation pressure is 7 x 10° atm at 25°C and AH® = 2750 cal. 
What will be the dissociation pressure at 127°C? 


The vapor density of a mixture of NO, and N,O, is 38.3 at 
27°C. Calculate the number of moles of NO, in 100 g mix- 
ture at equilibrium. 


At 500°C, the decomposition of water into hydrogen and 
oxygen, 


2H, O(g) = 2H,(g)+ O,(g) 


has K, = 6.0 x 10°. How many moles of H, and O, are pre- 
sent at equilibrium in a 5.00 L reaction vessel at that tempera- 
ture if the container originally held 0.015 mol H,O? 


At 460°C, the reaction SO,(g)+NO,(g) = NO(g) 
+ SO,(g) has K, = 85.0. Suppose 0.100 mol of SO,, 0.0600 
mol of NO,, 0.0800 mol of NO, and 0.120 mol of SO, are 
placed in a 10.0 L container at that temperature. What will 
the concentrations of all the gases be when the system 
reaches equilibrium? 


One mole of nitrogen is mixed with three moles of 
hydrogen in a 4 L container. If 0.25% of nitrogen 
is converted to ammonia by the following reaction 
N,(g)+3H,(g) = 2NH,(g). Calculate the equilibrium 
constant (K,.) in concentration units. What will be the value 
of K; for the following equilibrium? 


+N,(g)+ $H,(g) = NH,(g) 


Air containing 79% of nitirogen and 21% of oxygen by vol- 
ume is heated at 2200 K and 1 atm until equilibrium is estab- 
lished according to the reaction N,(g)+ O,(g) = 2NO(g). 
If the K, the reaction is 1.1 x 10°, calculate the amount of 
nitric oxide produced in terms of volume percent. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 
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. N,O, is 25% dissociated at 37°C and one atmospheric 


pressure. Calculate: (a) K, for N,O,(g) = 2NO,(g) and 
(b) % dissociation at 37°C and 0.1 atm. 


If a mixture of N, and H, in the ratio 1:3 at 50 atmos- 
phere and 650°C is allowed to react till equilibrium 
is reached. Ammonia present at equilibrium was at 25 atm 
pressure. Calculate the equilibrium constant for the reac- 
tion. N,(g) + 3H,(g) = 2NH,(g). 


At 473 K, equilibrium constant K, for decomposition of 
PCI, is 8.3 x 10°. If enthalpy for the reaction is 124.0 kJ 
mol!" 


(a) 
(b) 


what is the value of K. for reverse reaction? 

what would be the affect on K,if (i) more PCI, is 
added, (ii) pressure is increased or (iii) temperature is 
increased? 


At 540 K, 0.10 mole of PCI, are heated in a 8 L flask. The 
pressure of the equilibrium mixture is found to be 1.0 atm. 
Calculate K, and K; for reaction. (IIT-JEE 1998) 


The K value for the reaction: H, +1, = 2HI, at 460°C is 49. 
If the initial pressure of H, and I, is 0.5 atm respectively, 
determine the partial pressure of each gas at equilibrium. 

(IIT-JEE 1999) 


Calculate the value of log K for the reaction, 
N,(g)+3H,(g) = 2NH,(g) at 25°C. The standard enthalpy 
of formation of NH,(g) is -46 kJ and standard entropies of 
N,(g), H,(g) and NH,(g) are 191,130,192 J K* moI respec- 
tively. (R = 8.314 J K'mol”) (IIT-JEE 1999) 


The value of K, is 1 x 10° atm” at 25°C for the reaction: 
2NO + Cl, = 2NOCI. A flask contains NO at 0.02 atm 
and at 25°C. Calculate the mol of Cl, that must be added if 
1% of the NO is to be converted to NOC! at equilibrium. 
The volume of the flask is such that 0.2 mol of gas produce 
1 atm pressure at 25°C. (Ignore probable association of 
NO to N,O..) (IIT-JEE 2001) 


The equilibrium constant K,. for the reaction 
N,O, = 2NO, in chloroform at 291K is 1.14. Calculate 
the free energy change of the reaction when the concen- 
tration of the two gases is 0.5moldm™ each at the same 
temperature. (R = 0.082 LatmK™' mol"). 


ADDITIONAL OBJECTIVE QUESTIONS 


Single Correct Choice Type 


1. 


Equilibrium constants are given (in atm) for the following 
reactions at 0°C 


SrCl, -6H,O(s) = SrCl, -2H,O(s) + 4H,O(g) 
K, = 6.89 x 10°? 


The vapor pressure of water at 0°C is 4.58 torr. Calculate 
the pressure of water vapor in equilibrium 


2. 


(A) 2.6 x 107 atm 
(C) 1.2010“ atm 


(B) 1.62x 10° atm 
(D) 4.28 x 107 atm 


Predict which of the following reaction will have appreci- 
able concentration of reactants and products: 


(A) CL(g) = 2Cl(g);, Ke =5x10 
(B) Cl,(g)+2NO(g) = 2NOC|(g);  K- =3.7x 10° 
(C) CL(g)+2NO,(g) = 2NO,Cl(g); K, =1.8 


7 D) All of th 
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3. 


6. 


8. 


10. 


H,(g)+1L,(g) = 2HI(g) When 46 g I, and 1 g of H, are 
heated, an equilibrium is reached at 450°C. The equilib- 
rium mixture contained 1.9¢ of I. How many moles of I, 
and HI are present at equilibrium? 

(A) 0.0075 and 0.147 mol —(B) 0.0050 and 0.147 mol 
(C) 0.0075 and 0.347 mol =(D) 0.0052 and 0.347 mol 


. The partial pressures of CH,OH, CO and H, in the equi- 


librium mixture for the reaction CO+2H, = CH,OH at 
427°C are 2.0, 1.0 and 0.1 atm respectively. The value of K, 
for the decomposition of CH,OH into CO and H, is 

(A) 1x 10°’atm (B) 2x 10’atm! 

(C) 50 atm? (D) 5x 10% atm? 


. Consider the following equilibrium in a closed container 


N,O,(g) = 2NO,(g). At a fixed temperature, the volume 
of the reaction container is halved, for this change, which 
of the following statements holds true regarding the 
equilibrium constant (K) and degree of dissociation (a): 
(A) neither K, nor a changes 

(B) both K and a changes 

(C) K, changes but a does not 

(D) K does not change but a changes 


For the reaction 2NO,(g) + O,(g) = N,O.(g). If the equi- 
librium constant is K,, then the equilibrium constant for 
the reaction 2N,O.(g) = 4NO, + O,(g) would be 


(A) K? (By 2. 
K 


P 


1 1 
(O42 ©) Te 


. A container whose volume is V, contains an equilibrium 


mixture that consists of 2 mol each of PCI,, PCI, and Cl, (all 
gases). The pressure is 30.3975 kPa and temperature is 7. A 
certain amount of CL,(g) is now introduced keeping the pres- 
sure and temperature constant until the equilibrium volume 
changes to 2V. Calculate the amount of Cl, that was added 
(A) 10/3 mol (B) 20/3 mol 

(C) 1/3 mol (D) 1/4 mol 


For a certain equilibrium, over the temperature range 
500 K to 700 K, the equilibrium constant, K, confirms to 
the equation log 


3 
Caer a7 ier 
ii 


Calculate AG® at 600 K. 
(A) -16.04 kcal mol" (B) -14.60 kcal mo! 


(C) -10.064 kcal mol™ (D) -14.00 kcal mol! 


. If PCI; is 80% dissociated at 523 K. Calculate the vapor 


density of the equilibrium mixture at 523 K. 
(A) 75.9 (B) 579 
(C) 975 (D) 95.7 


In the melting of ice, which one of the conditions will be 
more favorable? 

(A) High temperature and high pressure 

(B) Low temperature and low pressure 


11. 
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Additional Objective Questions 


(C) Low temperature and high pressure 

(D) High temperature and low pressure 

Example of physical equilibria is 

(A) H,+1,=2HI (B) CaCO, = CaO + CO, 


(C) H,O(s) =H,0() (D) PCI, = PCI, + Cl, 


For the reaction 2SO, (g) + O,(g) = 2SO,(g) the partial 
pressure of SO,, O, and SO, are 0.559, 0.101 and 0.331 atm, 
respectively. What would be the partial pressure of O, gas, to 
get equal moles SO, and SO,. 


(A) 0.188 atm (B) 0.288 atm 
(C) 0.388 atm (D) 0.488 atm 
When ethanol and acetic acid were mixed together in 


equimolecular proportion 66.6% are converted into ethyl 
acetate. Calculate K,. Also calculate quantity of ester pro- 
duced if one mole of acetic acid is treated with 0.5 mol and 
4 mol of alcohol, respectively. 


(A) 4, 0.93, 0.43 (B) 0.93, 4, 0.43 
(C) 0.43, 0.93,4 (D) 4, 0.43, 0.93 
Calculate the temperature at which the product gases at 


equilibrium at 1 atm will contain 400 ppm (parts per mil- 
lion) of carbon monoxide. 


(A) 399K (B) 400K 
(C) 275K (D) 200K 
For the reversible reaction N,(g)+3H,(g) = 2NH,(g) at 


500°C, the value of K, is 1.44 x 10° when partial pressure is 
measured in atmospheres. The corresponding value of K;, 
with concentration in mole L”, is 


1.44x 10° 1.44x 10° 
OS ee a OO) aaa 
(0.082 x 500) (8.314 x 773) 
C 1.44 x 10° a 1.44 x 10° 
) (0.082 x 773)" ”) (0.082 x 773) 7 
Le Chatelier’s principle is applicable to 


(A) only homogeneous chemical reversible reaction. 
(B) only heterogeneous chemical reversible reaction. 
(C) only physical equilibria. 

(D) all systems chemical or physical, in equilibrium. 


At temperature T, a compound AB,(g) dissociates accord- 
ing to the reaction 2AB,(g) = 2AB(g) + B,(g) with degree 
of dissociation @, which is small compared with unity. The 
expression for K,,in terms of a and the total pressure, p, is 


2 2 
ae (B) Pro 
2 3 
2 
(C) a (D) None of these 
Starting with 3:1 mixture of H, and N, at 450°C, the 


equilibrium mixture is found to be 9.6% NH,, 22.6% N, 
and 678% H, by volume. The total pressure is 50 atm. What 
will be the value of K,. The reaction is N, + 3H, = 2NH, 
(A) 3.25 x 10° atm” (B) 5.23 x 10° atm” 

(C) 6.23 x 10° atm” (D) 8x 10° atm” 
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19. Find out the value of K;, for each of the following equilibria 

from the value of K,: 

(i) 2NOCI(g) = 2NO(g)+Cl,(g); K, =1.8x107 at 
500 K 

(ii) CaCO,(s) = CaO(s)+ CO,(g); K, =167 at 1073 K 
the value of K, are, respectively 

(A) 4.4 x 10“ and 1.90 (B) 8.8x 10% and 3.8 

(C) 4.4x 10“ and 1.90 (C) 8.8 x 10* and 3.8 


20. At constant temperature, the equilibrium constant (K) 
for the decomposition reaction N,O,(x/2)—=2NO, is 
expressed by 

_ 4x’ p 
=») 


where p = pressure, x = extent of decomposition. Which one 
of the following statements is true? 

(A) K increases with increase of p 

(B) K increases with increase of x 

(C) K increases with decrease of x 

(D) K remains constant with change in p and x 


21. The vapor density of N,O, at a certain temperature is 30. 
The percentage dissociation of N,O, at this temperature is 
(A) 55.5% (B) 60% 
(C) 70% (D) 53.3% 


22. The equilibrium constant of the reaction A,(g) + B,(g) = 
2AB(g) at 100°C is 50. If 1 L flask containing one mole of 
A, is connected to a 2 L flask containing two moles of B,, 
the number of moles of AB formed at 373 K will be 
(A) 1.886 (B) 2.317 
(C) 0.943 (D) 18.86 


23. NO and Br, at initial partial pressure of 98.4 and 41.3 torr, 
respectively, were allowed to react at 300 K. At equilib- 
rium, the total pressure was 110.5 torr. Calculate the value 
of K, for the following reaction at 300 K. 

2NO(g) + Br(g) = 2NOBr(g) 

(B) 134 
(D) 174 


(A) 124 
(C) 154 


24. In the equilibrium SO,Cl, = SO, + Cl, at 2000 K and 10 
atm pressure, % Cl, = % SO, = 40 by volume. Then 
(A) K, =2 atm 
(B) n(SO,Cl,) _1 at equilibrium 
n(SO,) 4 
(C) K,=8 atm 
(D) n(SOCL) = n(SO,) = n(CL) 


25. At a certain temperature, the equilibrium constant K, is 
16 for the reaction, SO,(g) + NO,(g) = SO,(g) + NO(g). If 
1.0 mol each of all the four gases is taken in a 1 L container 
the concentration of NO, at equilibrium would be 
(A) 1.6 mol L (B) 0.8 mol L"! 
(C) 0.4 mol L" (D) 0.6 mol L" 


26. Ina system A(s) = 2B(g) + 3C(g). If the concentration of 
C at equilibrium is increased by a factor 2, it will cause the 
equilibrium concentration of B to change to 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 
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(A) two times of its original value. 
(B) one half of its original value. 

(C) 2v2 times of its original value. 
(D) 1/22 times of its original value. 


For the chemical reaction, 3X(g)+ Y(g) = X,Y(g) the 
amount of X,Y at equilibrium is affected by: 

(A) temperature and pressure. 

(B) temperature only. 

(C) pressure only. 

(D) temperature, pressure and catalyst. 


In the reaction, H,(g) + L,(g) — 2HI(g) the concentration 
of H,, L, and HI at equilibrium are 8.0, 3.0 and 28 mol L”, 
respectively. What will be the equilibrium constant? 


(A) 30.61 (B) 32.66 
(C) 29.40 (D) 20.90 
When two reactants, A and B are mixed to give product C 


and D, the reaction quotient question at the initial stages 
of the reaction 

(A) is zero. (B) decrease with time. 

(C) is independent of time. (D) increase with time. 


What will be the equilibrium constant at 500°C, if heat of 
reaction in this temperature range is —105185.8 J. 

(A) 0.144 x 10% atm (B) 0.144 x 10° atm 

(C) 0.144 x 107 atm (D) 0.144 x 107 atm 


The following reactions are known to occur in the body 
CO, +H,O = H,CO, = H* + HCO;". If CO, escapes from 
the system 

(A) pH will decrease. 

(B) hydrogen ion concentration will diminish. 

(C) H,CO, concentration will remain unchanged. 

(D) The forward reaction will be favored. 


For the reaction: 2HI(g) = H,(g) + L(g), the degree of dis- 
sociation (@) of HI(g) is related to equilibrium constant, K,, 
by the expression 


(A) 12K, (B) 1+2K, 
2 2 
2K 2,J2K 
(C) : (bp ——-— 
1+2K, 1+2/K, 
For which of the following reactions, the degree of dissocia- 


tion cannot be calculated from the vapor density data 
(1) 2HI(g) = H,(g)+ L(g) 
(II) 2NH;(g) = N,(g) +3H,(g) 


(IM) 2NO(g) = N,(g)+0,(g) 
(IV) PCl,(g) = PCI,(g) + Cl,(g) 


(A) Tand III (B) Ifand IV 
(C) Tand II (D) III and IV 


An example of reversible reaction is 
(A) Pb(NO,), + 2Nal = PbI, + 2NaNO, 
(B) AgNO, + HCl = AgCl + HNO, 
(C) 2Na+2H,O =2NaOH + H, 

(D) KNO, + NaCl = KCl + NaNO, 
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36. 
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39. 
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41. 


42. 


For the reaction, CO(g) + H,O(g) = CO,(g)+H,(g), at a 
given temperature the equilibrium amount of CO, (g) can 
be increased by 

(A) adding a suitable catalyst. 

(B) adding an inert gas. 

(C) decreasing the volume of the container. 

(D) increasing the amount of CO(g). 


A reaction mixture containing H,, N, and NH, has partial 
pressures 2 atm, 1 atm and 3 atm, respectively, at 725 K. 
N,(g) + 3H,(g) = 2NH,(g) is 4.28 x 10° atm” at 725 K, in 
which direction the net reaction will go? 

(A) Forward (B) Backward 

(C) No net reaction (D) Cannot be predicted 


Ammonium hydrogen sulphide dissociates according 
to the equation NH,HS(s) = NH,(g)+H,S(g). If the 
observed pressure of the mixture is 1.12 atm at 106°C, what 
is the equilibrium constant K, of the reaction? 

(A) 0.3136 atm? (B) 2 atm’? 

(C) 1 atm? (D) 0.4842 atm? 


When sulphur in the form of S, is heated at 900 K, the ini- 
tial pressure of one atm falls by 29% at equilibrium. This is 
because of conversion of some S, to S,. Find the value of 
equilibrium constant for this reaction. 

(A) 1.16 atm* (B) 0.71 atm* 

(C) 2.55 atm* (D) 5.1 atm? 


BiCl,(g) + H,O(g) = BiOC\|(s) + 2ZHCI(g) in the above sys- 
tem at equilibrium, the pressure of water vapor is doubted. 
The new equilibrium partial pressure of HCl increases 

(A) 1.73 times (B) 1.414 times 

(C) 2.0 times (D) 1.0 times 


K, and K, are equilibrium constant for reactions 
(1) N,(g)+0,(g) > 2NO(g) 
(1) NO(g) = +N,(g) + 50,(g) 
Then, from (1) and (II) 
2 
(A) K,= (| 
K 


I 


(B) K,=K;, 


iO K=— 


Il 

If a mixture of 0.482 mol N, and 0.933 mol of O, is placed 

in a 10 L reaction vessel and allowed to form N,O at a 

temperature for which K,.= 2.0 x 10°”. The composition of 

equilibrium mixture are 

(A) N, = 0.482 mol L”, O, = 0.0933 mol L", N,O = 6.6 x 
107! mol L™ 

(B) N,=0.482 mol L', O, = 0.933 mol L", N,O = 6.6 x 10 
mol L? 

(C) N, = 0.0482 mol L", O, = 0.0933 mol L™, N,O = 6.6 x 
107! mol L™ 

(D) N, = 0.0482 mol L", O, = 0.0931 mol L, N,O = 8.8 x 
107! mol L™ 


(D) K,= (Kay 


One of the reaction that takes place in producing steel 
from iron ore is the reduction of iron(II) oxide by carbon 
monoxide to give iron metal and carbon dioxide is 


FeO(s) + CO(g) = Fe(s)+CO,(g); K, = 0.265 atm 


om 
(7 
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Additional Objective Questions 


at 1050 K. What are the equilibrium partial pressures of 
CO and CO,, respectively, at 1050 K if the initial partial 
pressures are: ppg = 1.4 atm and p,,. = 0.80 atm? 


(A) Pco = 1.739 atm and Peo, = 0.461 atm 


(B) Peco = 1739 atm and pro, = 0.461 atm 
(C) Peo=1.79 atm and Peo, = 0.46 atm 
(D) Peo = 2.739 atm and peo, = 1.461 atm 


43. What are the values of AG® and the equilibrium constant 


for the formation of NO, from NO and O, at 298 K 
NO(g) + 30,(g) = NO,(g) 


where AG?(NO,)=52.0kJ mol’, AG?(NO) = 87.0kJ mol”, 
AG; (O,)=0kJ mol" 


(A) 35 kJ mol and 1.365 x 10° 
(B) -35 kJ mol" and 1.365 x 10° 
(C) -350kJ mol" and 1.3 x 10° 
(D) -35 kJ mol and 1.365 x 10° 


44. A reversible chemical reaction having two reactants in 
equilibrium. If the concentration of the reactants is dou- 
bled, then the equilibrium constant will 

(A) also be doubled. (B) be halved. 


(C) become one-fourth. (D) remain the same. 


Multiple Correct Choice Type 


1. Solid ammonium carbamate, NH,CO,NH,(s), dissociates 
into ammonia and carbon dioxide when it evaporates as 
shown by NH,CO,NH,(s) = 2NH,(g) + CO,(g). At 25°C, 
the total pressure of the gases in equilibrium with the solid 
is 0.116 atm. If 0.1 atm of CO, is introduced after equilib- 
rium is reached then 
(A) final pressure of CO, will be less than 0.1 atm. 

(B) final pressure of CO, will be more than 0.1 atm. 
(C) pressure of NH, will decrease due to addition of CO,,. 
(D) pressure of NH, will increase due to addition of CO,,. 


2. The equilibrium of which of the following reaction will 
not be disturbed by the addition of an inert gas at constant 
volume? 


(A) H,(g) + L(g) = 2HI(g) 
(B) N,O,(g) =2NO,(g) 
(C) CO,(g) + 2H,(g) = CH,OH(g) 
(D) C(s) + H,O(g) = CO(g) + H,(g) 
3. Consider the reactions given below. In which cases, will 


the reaction proceed towards the right by increasing the 
pressure? 


(A) 4HCl(g) + O,(g) > 2Cl,(g) + 2H,O(g) 
(B) CL(g)+H,O(g) > 2HCl(g) + 40,(g) 
(C) CO,(g)+4H,(g) > CH,(g) + 2H,0(g) 
(D) N,(g)+0,(g) > 2NO(g) 
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10. 


. For the reaction 2A(g) + B(g) = 2C(g); AH = +13.6 kJ, 


which of the following will increase the extent of the reac- 
tion at equilibrium 

(A) increasing the temperature. 

(B) increasing the pressure. 

(C) addition of catalyst. 

(D) removing C. 


. The following reaction attains equilibrium at high temperature 


N,(g) + 2H,O(g) + heat = 2NO(g) + 2H,(g) 


The yield of NO is affected by 

(A) increasing the nitrogen concentration. 
(B) decreasing the hydrogen concentration. 
(C) compressing the reaction mixture. 

(D) none of these. 


. If K, and K, are the equilibrium constants at temperature 


T, and T, and T,>T, then 

(A) when AH =0; K, = K, 
(B) when AH >0;K,>K, 
(C) when AH <0;K,<K, 
(D) when AH >0;K,<K, 


. 2CaSO,(s) = 2CaO(s) + O,(g), AH>0. Above equilibrium 


is established by taking sufficient amount of CaSO,(s) in 

a closed container at 1600 K. Then which of the following 

may be correct option? (Assume that solid CaSO, is 

present in the container in each case.) 

(A) Moles of CaO(s) will increase with the increase in 
temperature 

(B) If the volume of the container is doubled at equilib- 
rium then partial pressure of SO,(g) will change at 
new equilibrium. 

(C) If the volume of the container is halved partial pres- 
sure of O,(g) at new equilibrium will remain same 

(D) If two moles of the He gas is added at constant pres- 
sure than the moles of CaO(s) will increase. 


. In presence of a catalyst, what happens to the chemical 


equilibrium? 

(A) Energy of activation of the forward and backwards 
reactions are lowered by same amount. 

(B) Equilibrium amount is not disturbed. 

(C) Rates of forward and reverse reaction increase by the 
same factor. 

(D) More product is formed. 


. 138 g of N,O,(g) is placed in 8.2 L container at 300 K. The 


equilibrium vapor density of mixture was found to be 30.67. 
Then (R = 0.082 L atm mol! K"') 

(A) a= degree of dissociation of N,O, = 0.25. 

(B) K, of N,JO, =2NO,(g) will be 9 atm. 

(C) Total pressure at equilibrium mixture will be 6.75 atm. 
(D) The density of equilibrium mixture will be 16.83 g L”. 


N,F, = 2NF,(g); AH® = 38.5kJ. Which of the following 

conditions will favor the formation of NF,? 

(A) Adding He to the equilibrium mixture at constant 
temperature and volume. 

(B) Increasing the temperature. 


11. 


12. 


13. 
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(C) NF, gas is removed from the reaction mixture. 
(D) Decreasing the pressure at constant temperature. 


Consider the following equilibria: 


(1) N,(g) + 3H,(g) = 2NH,(g) 
(II) N,(g) + O,(g) = 2NO(g) 


(III) PCI,(g) = PCI,(g) + CL,(g) 


Choose the correct statement(s): 

(A) Addition of an inert gas at constant volume has no 
effect on all the three equilibria. 

(B) Addition of an inert gas at constant pressure favors 
the forward reaction in (III), backward reaction in (I) 
and has no effect on (II). 

(C) Addition of an inert gas at constant pressure has no 
effect on equilibrium (II), but favors the forward reac- 
tion in (I) and backward reaction in (III). 

(D) Addition of inert gas has no effect on all the three 
equilibria at constant temperature and also at con- 
stant pressure. 


The reactions in which the yield of the products cannot be 
increased by the application of high pressure 

(A) 2SO,(g) + O,(g) = 2SO,(g) 

(B) NH,HS (s) = NH,(g) + H,S(g) 

(C) N,O,(g) =2NO,(g) 

(D) N,(g) + 3H,(g) = 2NH,(g) 


Which of the following statements about the reaction quo- 

tient, Q, are correct? 

(A) The reaction quotient, Q, and the equilibrium constant 
always have the same numerical value 

(B) Q may be>or < or= K, 

(C) Q (numerical value) varies as reaction proceeds 

(D) Q=1 at equilibrium 


Consider the exothermic reaction 


CoClj (aq) + 6H,O(1) = [Co(H,O),]** (aq) + 4Cl (aq) 


[Consider initially only CoCl7 is added to water] 


(A) If HCl is added to above equilibrium then concentra- 
tion of CoCl} (aq) will increase 

(B) Ondilution with water the concentration of CoCl} (aq) 
will decrease 

(C) On doubling the volume of solution by addition water 
the final concentration of [Co(H,O),]** will be more 
than its initial concentration 

(D) On increasing temperature the concentration of 
CoCl}- will decrease 


For the equilibrium N,O, — 2NO,, the value of equilib- 
rium constant is 2 x 10“ at a particular temperature if 
equilibrium is established by taking 2 mol of N,O, in 1 L 
container then approximately, the 

(A) concentration of NO, at equilibrium is 0.02 M. 

(B) concentration of NO, at equilibrium is 0.01 M. 

(C) concentration of N,O, at equilibrium is 2 M. 

(D) concentration of N,O, at equilibrium is 1 M. 
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16. Which of the following relationship(s) describe the quanti- 
tative effect of temperature on the equilibrium constant? 


(A) dink, _ a (B) dink, 7 AE 
dT RT’ dT RT’ 
(C) dinK, _ = (D) din K, = = 
dT RT dT RT 


Assertion-Reasoning Type 


Choose the correct option from the following: 


(A) Statement 1 is True, Statement 2 is True; Statement 2 is 
a correct explanation for Statement 1. 

(B) Statement 1 is True, Statement 2 is True; Statement 2 is 
NOT a correct explanation for Statement 1. 

(C) Statement 1 is True; Statement 2 is False. 

(D) Statement 1 is False; Statement 2 is True. 


1. Statement 1: Addition of an inert gas at constant pressure 
to dissociation equilibrium of PCl, = PClI,(g)+CL(g) 
favors forward reaction. 

2 
Statement 2: kK. = &V for dissociation equilibrium of 


PCI, where ais degree of dissociation of PCl,. 


2. Statement 1: In the Haber process N, +3H, =2NH;; 
AH <0. Then concentration of NH, increases by decreasing 
the temperature and increasing the pressure. 

Statement 2: For an exothermic reaction, equilibrium con- 
stant increase by increasing the temperature. 

3. Statement 1: The equilibrium amount of NO will be less 
with increase in temperature. 

Statement 2: Heat is absorbed by increasing the tempera- 
ture and the equilibrium shifts towards left. 

4. Statement 1: AG = AG® + 2.303RTlog,,Q, where Q is reac- 
tion quotient. 

Statement 2: Q may be greater or lesser than K or equal to 
Kif AG =0. 

5. Statement 1: Pure liquids and solids can be ignored while 
writing the equilibrium constant expression. 

Statement 2: The concentration of pure liquids and solids 
does not remain constant. 

6. Statement 1: The equilibrium constant for a reaction hav- 
ing positive AH° increase with increase of temperature. 
Statement 2: The temperature dependence of the equi- 
librium constant is related to AH and not AS® for the 
reaction. 

7. Statement 1: The equilibrium attained in a closes vessel 
remains unaltered by the addition of CaCO,(s) is as fol- 
lows: CaCO,(s) = CaO(s) + CO,T 
Statement 2: Heterogeneous reaction is unaffected by solid 
and liquid. 

8. Statement 1: SO,(g)++40,(g) = SO,(g) + heat 
Forward reaction is favored at high temperature and low 
pressure. 

Statement 2: Reaction is exothermic. 
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Additional Objective Questions 


Comprehension Type 
Read the paragraphs and answer the questions that follow. 


Paragraph I 


The difference in free energy of the reaction when all the reactants 
and products are in STP (1 atm and 298 K) is AG° and K,. and K, 
are the thermodynamic equilibrium constants of the reaction. The 
relation between them is as follows: 


AG® = -2.303RTlog Ke 
AG° = —2.303RT log K, (in case of ideal gas) 
This equation relates the equilibrium constant of a reaction 
to a thermodynamic property. It is sometimes easier to calcu- 
late the free energy in a reaction rather than to measure the 


equilibrium constant. The standard free energy change can be 
calculated as 


and 


AG° = AH” — TAS® 
where AH” is the standard enthalpy change and AS” is the stan- 
dard entropy change. 


1. Which of the following statement is correct for a reversible 
process in state of equilibrium 
(A) AG =~-2.303RT log K (B) AG=2.303RT log K 
(C) AG® =-2.303RT log K (D) AG°®=2.303RT log K 


2. Calculate the equilibrium concentration ratio of C to A if 
2.0 mol each of A and B were allowed to come to equilib- 


rium at 300 K 

A+B=C+D AG°=460 Cal 
(A) 1.0 (B) 0.5 
(C) 0.8 (D) 0.679 


3. At 490°C, the value of equilibrium constant; K, is 45.9 the 
reaction H,(g)+1,(g) = 2HI(g) 
Calculate, the value of AG® for the reaction at that 
temperature 
(A) -3.5 kcal 
(C) 5.79 kcal 


(B) 3.5 kcal 
(D) -5.79 kcal 


Paragraph IT 

Chemical equilibrium is a dynamic state in which the com- 
position of a system does not change, and net reaction is 
zero. In reversible reactions, a stage is reached when the rate 
of transformation of reactants into products equals the rate of 
transformation of products into reactants. At this stage, the 
composition of reactants and products does not change with 
time. The reaction has not stopped, but the rates of for- 
ward and reverse reactions are equal. For a general reaction 
A(g) + B(g) = C(g) + D(g), we have 


_ [CIP] _ PcX Pp 
— = 
[A][B] " PaX Pp 
where K; is equilibrium constant when the ratio of the concen- 
trations of the product to reactants and K, is the equilibrium 


constant for the ratio of partial pressure and of products to 
reactants. The relation between K, and K; is as follows. 


K,=KARTy" 


https://telegram.me/unacademyplusdiscounts 


Chapter 9 | Chemical Equilibrium 


4. The mass ratio of steam and hydrogen is found to be 1:2 at 
equilibrium. 


3Fe(s) + 4H,O(g) = Fe,O,(s) + 4H, (g) 


The value of equilibrium constant (K_) for the above reac- 


tion is 
(A) 3.05 x 10° (B) 1.05 x 10° 
(C) 0.75 x 10° (D) 2.42 x 10’ 


5. For the reaction NH,COONH,(s) = 2NH,(g) + CO,(g), 
the equilibrium constant K, = 2.9 x 10° atm®. The total 
pressure of gases at equilibrium when 1 mole of reactant 
was heated will be 
(A) 0.0194 atm (B) 0.0388 atm 
(C) 0.0580 atm (D) 0.0667 atm 


6. K; for the reaction +N,(g)+40O,(g)+4Br,(g) = NOBr(g) 
from the following information at 298 K 
2NO(g) = N,(g)+O,(g); K,=2.4x10" 
NO(g)+4Br,(g) = NOBr(g); K, =1.4 


(A) 3.15 x 10° (B) 6.35 x 10° 
(C) 9.03 x 10° (D) 17x10” 


7. The equilibrium constant for the reaction 2SO,+ O, = 2SO, 
at 1000 K is 3.5. What would the partial pressure of oxygen 
gas have to be to give equal moles of SO, and SO,? 


(A) 0.29 atm (B) 3.5 atm 
(C) 0.53 atm (D) 1.87 atm 
Paragraph Il 


In dissociation reactions involving gaseous molecules, the total 
mass remains same and the number of moles increases as a 
result of the reaction. Hence, the average molecular weight and 
vapor density decrease. So, the volume increases at constant 
temperature and pressure and hence the vapor density decreas- 
es. The relationship between initial vapor density and that at 
equilibrium can be found as follows: 


At constant temperature and constant pressure for a fixed mass 
of gaseous mixtures. 


Vapor density < p “a 


Now, for ideal gas, pV =nRT or volume e number of moles. So, 


1 an Don 
Number of moles ° D, 1, 


Vapor density « 


where D, and D are the vapor densities in the beginning and 
at equilibrium and n, and nv are the number of moles in the 
beginning and at equilibrium. The vapor densities of PCl, at 
200°C and 252°C are 70.2 and 572, respectively, at 1 atm. 


8. From the given data, it can be interpreted that 

(A) If degree of dissociation is more, then vapor density is 
more for PCl,. 

(B) More the degree of dissociation, less is the vapor den- 
sity of PCI. 

(C) Degree of dissociation and vapor density cannot be 
correlated. 

(D) cis independent of temperature. 
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9. X,Y and Z react in the 1:1:1 stoichiometric ratio. The con- 


10. 


11. 


centration of X, Y and Z were found to vary with time as 
shown in Fig. 9.9. 


10M 
9M 
8M 
7M 
6M 
5M 
4M 
3M 
2M 


Concentration (mol L~') 


1234 5 
Time(s) 


Figure 9.9 


Which of the following equilibrium reaction represents the 
correct variation of concentration with time? 

(A) X(g) + Y(g) =Z(g) — (B) X(g) + Y(s) = Z(g) 

(C) Z(g)+ Y(s)= X(g) —(D) Z(g) + X(g) = Y(g) 


Value of the equilibrium constant (K,) for the equilibrium 
represented in above graph will be 

A 2 B Z Cc . D = 

Ms @®7 O©;F OF 

If above equilibrium is established in a 2 L container by 
taking reactants in sufficient amount then how many moles 
of component Y must have reacted to establishment the 
equilibrium. 

(A) 0 (B) 6 (C) 12 (D) 8 


Integer Answer Type 


The answer is a non-negative integer. 


4. 


For the reaction: 
CO,(g) + H,(g) = CO(g) + H,O(g) 


K is 0.63 at 700°C and 1.66 at 1000°C. The average AH” for 
the temperature range considered is 


. Equilibrium constant for the reaction eae 


= 3AB,(g) is 64.0. Then the equilibrium constant for the 
reaction +A,(g)+ B,(g) = AB,(g) will be 


. When NO and NO, are mixed, the following equilibria are 


readily obtained; 
2NO, = N,O,; K, = 6.8 atm™ and NO + NO, = N,O, 


In an experiment when NO and NO, are mixed in the ratio 
of 1:2, the find total pressure was 5.05 atm and the par- 
tial pressure of N,O,was 1.7 atm. Calculate the equilibrium 
partial pressure of NO in atmosphere. 


. Ammonium carbamate when heated to 200°C gives a mix- 


ture of vapors (NH,COONH, == 2NH, + CO,) with a 
density 13.0. The degree of dissociation of ammonium car- 
bamate is 
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5. For the equilibrium N,O, = 2NO,, (AG\, 0, )20¢x= 100 kJ 


mol™ and (AGXo, )gx = 50 kJImol™ When 5 mol L” of 


each in taken, calculate the value of AG for the reaction 
at 298 K. 


. If concentrations of SO, and O, in the equilibrium reac- 


tion, 2SO,(g)+O,(g) = 2SO,(g) are quadrupled, the con- 
centration of SO, now will be times. 


7. For the reaction involving oxidation of ammonia by oxy- 


gen to form nitric oxide and water vapor, the equilibrium 
constant has the units (bar)". Then 7 is 


Matrix—Match Type 


1. Match the reactions with the relations of equilibrium 


constants 


Column II 


(p) K, = K,(RT) 


Column | 
(A) H,(g)+L(g) = 2HI(g) 


(B) N,(g)+3H,(g) = 2NH3(g) = (q) K, = K.(RT)’ 
(C) PCI;(g) = PCI,(g) + Cl,(g) (t) K,=K,(RT)” 


(D) NH,HS(s) = NH,(g)+H,S(g) (s) K,=K, 
(t) K,=K,(RT)* 


2. Match the relation with the prediction of equilibrium. 


3. Match the chemical reaction in equilibrium with the pres- 
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Answers 
Column | Column Il 
(A) N,(g)+3H,(g) = 2NH,(g) (p) weap 
(B) 2SO,(g) + O,(g) = 2S0,(g) (q) ax Jip 
(C) PCI,(g) = PCI, (g)+Cl, (g) (vt) ae P 
(D) N,+O, =2NO (s) a « p° 
(t) K,=Ke 


4. Match the effect of change administered to its the effect on 


equilibrium. 


Column | 


Column II 


(A) For the equilibrium NH,I(s) 


= NH,(g) + HI(g), pressure is 


increased at equilibrium 


(B) For the equilibrium N, + 3H, 


= 2NH,, volume is increased at 


equilibrium 


(C) For the equilibrium H,O(g) + 


CO(g) = H,(g) + CO,(g), inert 
gas is added at constant pressure 


at equilibrium 


(D) For the equilibrium PCl, = 
PCl, + CL, Cl, is removed at 


(p) Forward shift 


(q) No change 


(r) Backward 


shift 


(s) Final pressure 


is more than 


Calumin | Column Il equilibrium initial pressure 

(A) O=K (©) eee . ee sii a 5. Match the quantity with the effect/relation. 

(B) Q<K_ (q) Reaction is not at equilibrium 

(C) Q>K  (r) Reaction is fast in forward direction Column | Column II 

dee eran ee 
acl ae Gedeeachion (B) Degree of dissociation (q) Affected by pressure 


(C) Equilibrium constant 
(D) Melting of ice 


(t) K,<K, 


feet ‘ (s) K,>K, 
sure dependent of degree of dissociation of the reaction: 


ANSWERS 


Review Questions 


a; 


2. 


. (a) Q- 


The molar concentrations of pure solids and liquids is constant, so molar concentrations are constant and not mentioned in 
equilibrium constant expression. 


Reactants and products are in same phase in homogeneous, whereas in different phases in heterogeneous. 


[CH,COOC,H;(1)][H,0()] ; oe 
= [CH COO()][C,H.OH()] ; (b) 3.92; (c) 0.20; (d) none or very little amount of ester will be formed if dilute aqueous solu- 
3 25 


tions are used in this reaction; (e) it acts as a catalyst and is a dehydrating agent; (f) Variation would be small with change in temperature. 


Pro, (g) 


- (a) K,=5 ; (b) greater; (c) it will shift the equilibrium to the right; (d) no effect. 
Pso3(2) * Pos(s) 
. Catalyst affects both the forward and the reverse reaction to the same extent. 


. (a) Low temperature, high pressure, excess of O, and SO, 


(b) Low temperature, high pressure, excess of NO and O, 
(c) High temperature, low pressure éxvess of POlAaM.me/unacademyplusdiscounts 
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8. 2 mol 9. (a) Decreases; (b) increases; (c) decreases. 
11. The system shifts to (a) right; (b) left; (c) right; (d) left; (e) right. 13. K,=1.2x10” 
18. Endothermic 21. (a) 1/41; (b) (41)'7; (©) (41)” 


Numerical Problems 


1. 18x 10% 2. 0.209 or 20.9% 3. 0.19 atm 

4. Key = 1.78 and Key) = 86 5. [N,O,] = 0.016 M; [NO,] = 0.268 M 

6. K=1.312x 10° 7. Forward 8. 0.01767 

9. 0.843; K. = 0.0565 10. (a) 0.1014 atm; (b) 4.48 kJ 
11. No 12. 1.26x 10° atm 13. 0.434 mol 
14. [H,]=2.2x10™ mol [0,]=11x10" mol 15. [SO,]=0.0046 M:[NO,]=0.00058M; 16. 1.49 x 10° L? mol, 

[NO] = 0.0134 M: [SO,] = 0.0174 M 3.86 x 10° L mol 
18. (a) 0.267 atm; (b) 63.26 % 19. 1.677 x 10° 17. 1.33% 
20. (a) 120.48; (b) (iii) same; (iii) increase 21. K,=4x10° mol L"; K, = 1.77 atm 22. p,=0.11 atm; p, = 0.11 
atm; py, = 0.78 atm 

23. log K =5.845 24. 0.0204 mol 25. -19.67 Latm 


Additional Objective Questions 
Single Correct Choice Type 


1. (B) *(C) x a(O) 4. (B) 5. (D) 
6. (C) 7. (B) 8. (C) 9. (B) 10. (A) 
11. (C) 12. (B) 13. (D) 14. (A) 15. (B) 
16. (D) 17. (A) 18. (B) 19. (A) 20. (D) 
21. (D) 22. (A) 23. (B) 24. (C) 25. (C) 
26. (D) 27. (A) 28. (B) 29. (D) 30. (A) 
31. (B) 32. (D) 33. (A) 34. (D) 35. (D) 
36. (B) 37. (A) 38. (C) 39. (B) 40. (A) 
41. (C) 42. (A) 43. (D) 44. (D) 

Multiple Correct Choice Type 

1. (B,C) 2. (A, B,C,D) 3. (A,C) 4. (B,C,D) 5. (A,B,C) 
6. (A,B,C) 7. (A,C,D) 8. (A,B,C) 9. (B,C,D) 10. (B,C,D) 
11. (A,B) 12. (B,C) 13. (B,C) 14. (A, B,D) 15. (B,C) 
16. (A,C) 

Assertion—Reasoning Type 

1. (C) 2. (C) 3. (A) 4. (B) 5. (C) 
6. (B) 7. (A) 8. (D) 

Comprehension Type 

4:10) 2. (D) 3. (D) 4. (B) 5. (C) 
6. (C) 7. (A) 8. (B) 9. (B) 10. (C) 
11. (D) 

Integer Answer Type 

1. (8) 2. (4) 3. (2) 4. (1) 5. (4) 
6. (8) 7. (i) 

Matrix—Match Type 

1. A-(s);B > (1);C > (p);D > (q) 2. A (s,t);B > (q,1);C > (q);D > (p) 

3. A (r);B > (p); C > (q);D > (s,t) 4. A (r1,s);B > (1); C > (q);D > (p,s) 


5. A> (1);B > (p,q); C > (p);D > (p,q) 
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lonic Equilibrium 


The equilibrium established between ionized and non-ionized 
species is known as ionic equilibrium. A number of equilibria 
involving ions are known to exist. Substances that form ions in 
aqueous solutions or in fused state are called electrolytes. 

Consider the aqueous solutions of sugar and common salt. 
The former does not conduct electricity, whereas solution of salt 
(sodium chloride) conducts electricity and the conductance is 
found to increase with increase in concentration of sodium chlo- 
ride. Based on this, Michael Faraday defined electrolytes as sub- 
stances that furnish ions in their aqueous solution and conduct 
electricity. The substances that do not conduct electricity in their 
aqueous solutions are called non-electrolytes and some examples 
are cane sugar, carbon tetrachloride, benzene, etc. 


10.1 | WEAK AND STRONG ELECTROLYTES 


Electrolytes that conduct electricity in their fused state are known 
as true electrolytes. These exist in ionic state, that is, as cations and 
anions in their pure normal states and conduct electricity in their 
molten state. For example, sodium chloride and potassium chloride 
exist as NaCl’ and K°CT ions in their normal states and conduct 
electricity in fused state. By analogy, substances that conduct elec- 
tricity only in aqueous solutions are called potential electrolytes and 
examples are acetic acid, ammonia, etc. Electrolytes are classified 
as strong or weak electrolytes based on their tendency to ionize or 
their extent of ionization. 


1. Substances such as NaCl, HCl, H,SO,, KOH, etc. that ionized 
almost completely are known as strong electrolytes. These 
electrolytes dissociate completely into their ions in aqueous 
solutions and are hence good conductors of electricity and so 
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chemical equilibrium has relevance for them. Examples of strong electrolytes are sodium chloride, potassium 
chloride, sodium oxide, potassium sulphate, potassium nitrate, etc. 

2. Substances such as CH,COOH, NH,OH, etc. that ionize to a small extent are known as weak electrolytes. These 
electrolytes are partly ionized in their aqueous solutions, so an equilibrium is established between ions and disso- 
ciated molecules. The law of chemical equilibrium can thus be applied to study the behavior of weak electrolytes 
in solutions. For example, acetic acid (CH,COOH), HCN, etc. 


10.2 | IONIZATION OF ELECTROLYTES 


According to Arrhenius theory of electrolytic dissociation, when an electrolyte is dissolved in water, it dissociates 
into positive and negative ions that move freely in the bulk of the solution. The number of positive ions is equal to 
the number of negative ions formed, so the solution remains electrically neutral. The ionized ions have a tendency to 
recombine back to the unionized electrolyte, thus a dynamic equilibrium exists between ionized and unionized elec- 
trolytes. For example, for a binary electrolyte AB 


AB=A‘+B™ 
Applying law of mass action, the ionization constant is given by 


[A*][B ] 
[AB] 


The fraction of electrolyte dissociated into ions at equilibrium out of the total number of molecules of electrolyte dis- 
solved is known as degree of dissociation or ionization and is given by 


Number of molecules present as ions 


Total number of molecules of the electrolyte 


The extent of dissociation increases with increase in dilution and degree of dissociation of an electrolyte at infinite 
dilution is assumed to be unity (ie. a= 1). 

The equivalence conductance of electrolytes depends on the number of ions. As the degree of dissociation 
increases with dilution, the equivalent conductance also increases and becomes constant at infinite dilution. 


Ostwald’s Dilution Law 
Consider a binary electrolyte AB, in aqueous solution, which dissociates as follows: 
AB=A‘*+B 


The electrolyte and the dissociated ions are in ionic equilibrium. Let C be the initial concentration of the electrolyte 
in mol L”. If @ is the degree of dissociation, then at equilibrium the concentrations will be: 


Species [AB] [A*] [B’] 
Concentration (mol L!) C(1- @) Ca Ca 


Rate of dissociation (forward reaction) = k,C(1 — @) 
Rate of combination (backward reaction) = k,Ca x Ca 


Since ionic equilibrium is a special case of chemical equilibrium, the law of mass action can also be applied to it. So 
from law of mass action, the rate of dissociation and combination at equilibrium can be equated as: 


k,C(Q -a) = k,CaxCa 


CaxCa _ k, 


ee 
C-a) k, 
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2 
i ES ee (10.1) 
a 


where K-; is the dissociation or ionization constant. Consider one mole of an electrolyte dissolved in volume V of solu- 
tion, then 
il 
C= — 
V 
where V is known as the dilution for the solution. Substituting in Eq. (9.1), we get 
a? 
K, == 10.2 
© (-a)V oF 


This expression, correlates the variation of the degree of dissociation of an electrolyte with dilution is known as 
Ostwald’s dilution law. Let us consider the application of this law to weak and strong electrolytes. In weak electrolytes, 
the degree of dissociation is small, that is, a << 1, therefore, 1 — a ~ 1. Thus, the expression for Ostwald’s dilution law 
reduces to 


oF =k V= oe 


a = KW =K IE 


where K’ = J/K.Thus for a weak electrolyte, the degree of dissociation is inversely proportional to square root of con- 
centration. In strong electrolytes, ~@is large and cannot be neglected in comparison to 1. Thus, 


_ a 
“  (-a)yv 

or a? =K,.V-K.aVv 

or a? +a0K.V-K.V =0 


Solution of this quadratic equation gives the value of a. 


Limitations of Ostwald’s Law 
The law holds good only for weak electrolytes but fails for strong electrolytes due to following factors: 


1. The law is based on the fact that the electrolyte is partly ionized at ordinary dilution and completely ionized 
at infinite dilution. This is true only for weak electrolytes as strong electrolytes are completely ionized at all 
dilutions. 


2. When the concentrations of ions are high, the chemical equilibrium is affected by the presence of these ions and 
the law of mass action does not hold in its simple form. 


Solved Example 10-1 | 


At 25°C the dissociation constant of HCN is 4.9x 107°M. Solution 
Calculate the degree of dissociation of HCN if the con- 


centrations are (a) 0.1 M and (b) 0.01 M. he can acre 


HCN+H,O = H,0*+CN™ 
Cc 0 0 
C(l-a) ac ac 
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2: -10 
Therefore, Ke = —"—3 1-a = 1 a= oe (a) a= | = 7x10" 
-10 
(b) a= 49x10" -901%104 
VY 0.01 


Common lon Effect 


Let us consider the ionization of a weak binary electrolyte AB 
AB=A‘*+B 
Applying law of mass action, the ionization constant is given by 


[A‘][B ] 
[AB] 


discounts 


When another electrolyte that is capable of furnishing either A* or B’ ions is added to the solution, the concentration 
of that ion increases in the solution. For the value of equilibrium constant to remain constant, the equilibrium shifts in 
the direction of backward reaction in accordance with Le Chatelier’s principle. As a result the extent of dissociation 
of electrolyte is suppressed. This effect is termed as common ion effect and is defined as the suppression in degree of 
dissociation of an electrolyte by addition of an electrolyte containing a common ion. For example, the dissociation of 
acetic acid in solution is suppressed if a strong acid (with H* as common ion) or salt of a strong base such as sodium 
acetate (with acetate ion as common ion) is added. Because of the suppressed dissociation, the concentration of the 


ion that is not in common with added electrolyte decreases. 
For mathematical explanation of common ion effect, consider the following cases: 


Case 1: Consider the weak acid CH,COOH with degree of dissociation a. Then 
CH,COOH = CH,COO +H* 


Att=0 C, 0 0 
Att=t,, C,(1-a@,) Cia, C\a, 
Therefore, 
Ke _ Limi N(Crer,) 
ore! = a,) 


Since a, <1, therefore (1 - a@,) = 1. Therefore, 


a, = C 


Case 2: Consider the weak acid CH,COOH in presence of strong acid HCI with degree of dissociation @,. 


CH,COOH = CH,COO +H’ 
Att=0 C. 0 0 
Att=t,, C,(-a@,) Cia, C\a,+C, 


Similarly, 


Hao = Ht + @& 
Att=0 CG, 0 0 
Att=t, 0 C,a, +C, C, 
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Then using simultaneous equilibrium concept 


= (C,ar, (Cyar, + Cy) 
C, dd — a, ) 


K 


Since a, < 1, therefore (1 - a) = 1. Therefore, 


_ (Cy, (Ca, +C,) _ [H*][CH,COO | 
= aa ~ [CH,COOH] 


K 


In the above expression, K and CH,COOH are constant, therefore, the product 
[H*][CH,;,COOH] = constant 


Also, [H"] has increased due to the presence of common ion, therefore, C,a@, must decrease or a, must decrease. 
So, 04 < a. 


Solved Example | 10-2 | 


Acetic acid is less acidic in sodium acetate solution than Solution 


sodium chloride solution. Give reason. ae : = 
. S This is because of common ion effect of CH,COO™ ions 


that suppress the ionization of acetic acid, thus making it 
less acidic. 


Solved Example ig=ay 


The following equilibrium exists in aqueous solution 
CH,COOH = CH,COO +H”. If dil. HCl is added 
without change in temperature, the concentration of 
CH,COO' will decrease. Why? 


Solution 


common ion effect, that is, suppression in the degree of 
dissociation of a weak electrolyte by adding a strong 
electrolyte containing a common ion. Here, HCl is a 
strong electrolyte, when it is added it splits into H” and 
CI ion. As a result, H” is the common ion in the equi- 
librium and hence the concentration of CH,COO™ 


If dil. HCl is added to the above equilibrium reaction, eOnense 


the concentration of CH,COO' will decrease due to the 


10.3 | CONCEPTS OF ACIDS AND BASES 


Acids and bases constitute a class of compounds that include some of our most familiar chemicals vinegar, lemon juice, 
liquid in automobile batteries and important laboratory reagents. Some general properties common to aqueous solu- 
tions of acids and bases are as follows. Acids generally have a tart (sour) taste, whereas bases have a somewhat bitter 
taste and have a soapy “feel” Acids and bases also affect the colors of certain dyes we call acid-base indicators. An 
example is litmus which has a pink or red color in an acidic solution and a blue color in a basic solution. 


Arrhenius Concept 


In 1884, a Swedish chemist, Svante Arrhenius, suggested that the particular composition of these compounds deter- 
mined their behavior. According to him, 


1. Acids are compounds that produce H™ ions in water. For example, 
HCl+H,O > H,0* (aq) + Cl (aq) 
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Instead of H’, the acid species known as the hydronium ion (H,O°) is used, which is H” ion in a hydrated form. In 
fact, the nature of H” in aqueous solution is even more complex than H,O* (i.e., H;O3, H,O3, etc.). The acid species 
can be represented as H’(aq) or H,O*(aq), depending on the convenience of the particular situation. 


2. Bases are compounds that produce OH ions in water forming basic solutions (or alkaline/caustic solutions). For 
example, sodium hydroxide (also known as caustic soda), potassium hydroxide (caustic potash), calcium hydrox- 
ide (slaked lime) and ammonia. Except for ammonia, these compounds are all solid ionic compounds. 


NaOH(s) "2 > Na* (aq) + OH (aq) 
Ba(OH), (s) —"° > Ba” (aq) + 20H (aq) 
Limitations 
1. The conceptual definitions of acids and bases proposed by Arrhenius are applicable only to aqueous solutions. 


2. It cannot account for the basic nature of substances that do not contain a hydroxyl group or for the acidic nature 
of substances that do not contain a hydrogen (hydronium) ion. 


Brénsted-Lowry Concept 


Johannes Bronsted (1879-1947), a Danish chemist, and Thomas Lowry (1874-1936), a British scientist, realized that the 
important features in most acid—base reactions is the transfer of a proton from one species to another. According to them, 


1. Acids are species that donate protons. For example, hydrogen chloride is an acid because when it reacts with 
ammonia, HCl molecules donate protons to NH, molecules. 


2. Bases are species that accept protons. For example, ammonia is a base because NH, molecules accept protons. 


This suggests that acid-base reactions are proton transfer reactions. 


NH, (aq) + HCl(1) = NH; (aq)+ Cl (aq) 


Note: Even when water is the solvent, Bronsted—Lowry definitions are used in preference to Arrhenius definitions. 
Thus, the reaction between HCl and water is clearly a Bronsted—Lowry acid-base reaction. 


In this concept, an acid—base reaction is considered to be in chemical equilibrium, having both forward and reverse 
reactions. For example, the ionization of weak acid like formic acid is slow and is in chemical equilibrium with water 
acting as both solvent and reactant. This equilibrium is a typical proton transfer equilibrium. 


HCOOH(aq)+ H,O = H;0°* (aq) + HCOO (aq) 


In the forward reaction, HCOOH behaves as a Bronsted acid, a proton donor and water behaves as a Bronsted base, a 
proton acceptor. In the reverse reaction, H,O” behaves as a Bronsted acid, while HCOO ion behaves as a Bronsted base. 


Conjugate Acid-Base Pairs 


Two substances that differ from each other only by one proton are referred to as a conjugate acid-base pair. Thus, 
H,O° and H,0O are such a pair with H,O* having one more proton than H,O. In the pair, the conjugate acid is the pro- 
ton donor and the conjugate base is the pair’s proton acceptor. Thus, H,O° is the conjugate acid of H,O, and H,O is 
the conjugate base of H,O”. 

In any Brénsted—Lowry acid-base equilibrium, there are invariably two conjugate acid—base pairs. These are 
represented by connecting them with a line as shown: 


Conjugate pair 


i l 
HCOOH + H,O —~* H30* + HCOO- 
Acid Base Acid Base 
es 


Conjugate pair 
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It can be seen from the diagram that in the aqueous formic acid equilibrium, the pair HCOOH and HCOO 7 is one 
conjugate acid-base pair and H,O and H,O’ is the other. 


Amphoteric Substances 


A substance that can be either an acid or a base depending on the other substance present is said to be amphoteric 
(Greek amphoteros, “partly one and partly the other”). Another term is amphiprotic to stress that the proton donating 
or accepting ability is of central concern. 

Amphoteric or amphiprotic substances may be either molecules or ions. For example, anions of acid salts, 
such as the bicarbonate ion of baking soda, are amphoteric. The HCO; ion can either donate a proton to a base or 
accept a proton from an acid. Thus towards the hydroxide ion, the bicarbonate ion is an acid; it donates its proton 
to OH. 


HCO; (aq) + OH (aq) > COZ (aq) + H,O(aq) 
Acid Base 


Towards hydronium ion, however, HCO; is a base; it accepts a proton from H,O". 


HCO; (aq) + H,O* (aq) — H,CO,(aq)+ H,O(aq) 
Base Acid 


Limitation: There are some reactions which do not involve proton transfer and have properties similar to acid—base 
reactions. For example, if gaseous SO, is passed over solid CaO, a reaction occurs in which CaSO, forms. 


CaO(s)+SO,(g) > CaSO, (s) 


If these reactants are dissolved in water first, they react to form Ca(OH), and H,SO,, and when their solutions are 
mixed the following reaction takes place: 


Ca(OH), (aq) + H,SO,(aq) > CaSO,(s)+2H,O 


The same two initial reactants, CaO and SO,, form the same ultimate product, CaSO,. However, there are no protons 
being transferred. Thus, further generalizations were required for acid—base concept. 


Leveling Effect 


All the bronsted acids, which are stronger than [H,O]* or [H]* will essentially be completely ionized in aqueous solu- 
tion. For example, 


HNO, +H,O = H,0* + NO, 
HBr+H,O = H,0O°+Br- 


Thus, in the above case both HNO, and HBr will have the same acidic strength in aq. solution (assuming they have 
the same concentration). 

We can therefore say that all acids which are stronger than H* or H,O° will have same acid strength, if they have 
the same concentration. 

Water is said to have a leveling effect on acids stronger than H,O°. In other words, the strongest acid that can exist 
in aqueous solutions is the conjugate acid of H,O or H,O" ion. Acids weaker than H,O* will not be leveled by H,O and 
will have different degree of ionization. For example, H,PO,, H,S, etc. Similarly, Bronsted bases stronger than OH are 
levelled by H,O. For example, H” and NH; have the same basic strength in aqueous solution. Both H’ and NH, are 
stronger than OH . They are leveled by H,O. 


H-+H,O=H,+OH™ 
NH; +H,O = NH, +OH™ 


Leveling effect can also be observed for solvents other than H,O. For example, if liq. NH, is the solvent, all acids which 
are stronger than conjugate acid of NH, (the strongest acid that can exist in liq. NH,) will levelled by NH,. Similarly, all 
bases which are stronger than conjugate base of NH, (the strongest base that can exist in liq. NH,) will leveled by NH,. 
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Solved Example 10-4 | 


Arrange the following oxides in the increasing order of 
Bronsted basicity. (IIT-JEE 2004) 


Cl,0,, BaO, SO,, CO,, B,O, 


Solution 
BaO+H,O = Ba(OH), (basic) 


CO, +H,O = H,CO, (weakly acidic) 

O,+H,O = H,SO, (strongly acidic) 
B,O,+3H,O = 2H,BO, (very weakly acidic) 
Cl,O, +H,O = 2HCIO, + (very strongly acidic) 


Hence, the order is Cl,O, < SO, < CO, < B,O, < BaO. 


Solved Example 10-5 | 


(a) What is the conjugate base of nitric acid, HNO,, and 
what is the conjugate acid of the hydrogen sulphate 
ion, HSO;? 

(b) Write the formula of the conjugate acid for each 
of the following Bronsted bases: (i) HO}, (ii) SO7, 
(iii) COZ, (iv) CN”, (v) NH; and (vi) NH. 


Solution 


(a) Removing one H* (both the atom and the charge) 
from HNO, leaves NO;.The nitrate ion, NOj, is thus 
the conjugate base of HNO,. Adding an H* to HSO; 
gives its conjugate acid, H,SO,. 

(b) (i) H,O,, (ii) HSO;, (iii) HCO;, (iv) HCN, (v) NH, 
(vi) NH}. 


Solved Example | 10-6 | 


The anion of sodium hydrogen sulphate, HSO;j, reacts as 
follows with the phosphate ion, PO}. Identify the two 
conjugate acid—base pairs. 


HSO; (aq) + PO; (aq) > SOF (aq) + HPOZ (aq) 


Solution 


There are two ions in the equilibrium that contain “PO,”, 
so they must belong to the same conjugate pair. The one 
with the greater number of hydrogens, HPO{, must 


be the Bronsted acid, and the other, PO;, must be the 
Bronsted base. Therefore, one conjugate acid-base pair 
is HPO} and PO;. The other two ions, HSO; and SO;, 
belong to the second conjugate acid-base pair; HSO, is 
the conjugate acid and SO, is the conjugate base. 


Conjugate pair 


i} ] 
HSO;j(aq) + POF (aq) —> SO§ (aq) + HPOF (aq) 
Acid Base Base Acid 
l | 


Conjugate pair 


Solved Example 10-7 | 


Which of the following are conjugate acid—base pairs? 
Describe why the others are not true conjugate acid-base 
pairs. (a) H,PO, and H,PO;, (b) HI and H’, (c) NH; and 
NH,, (d) HNO, and NHj, (e) COZ and CN’, (f) HPO7 
and H,PO;. 


Solution 


Conjugate acid-base pairs are (a), (c) and (f). 


(b) The conjugate base of HI is T. 

(d) The conjugate base of HNO, is NO; and the conju- 
gate base of NH; is NH,. 

(e) The conjugate acid of COZ is HCO; and the conju- 
gate acid of CN’ is HCN. 
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Solved Example 10-8 | 


Write the formula of the conjugate base for each of the Solution 
following Bronsted acids: (a) H,O, (b) HI, (c) HNO,, ‘ . : : 
- 2 ,” In each case the conjugate base is obtained by removing 
(d) H,PO,, (e) H,PO;, (f) HPO; , (g) H,S and (h) NHj. sprotowiromthe acid: 
(a) OH” (b) I (c) NO; (d) H,PO; 


(ec) HPO = (f) POY-—(g), HS” (h) NH, 


Lewis Concept of Acids and Bases 
GN. Lewis, after whom Lewis symbols are named, provided further generalizations as follows: 


1. Lewis acid is any ionic or molecular species that can accept a pair of electrons in the formation of a coordinate 
covalent bond. These substances have an incomplete valence shell, such as BF, or H’. 


2. Lewis base is any ionic or molecular species that can donate a pair of 


electrons in the formation of a coordinate covalent bond. These sub- aes 

stances have completed valence shells and unshared pairs of electrons, covalent) 

such as NH,, H,O, and O*. a se ie 
Consider the reaction between BF, and NH,. The reaction is exothermic . | 
because a bond is formed between N and B, with the nitrogen donating H—N6+B iE; >H B 
an electron pair and the boron accepting it. It illustrates a Lewis acid— “ % 
base neutralization and can be represented using Lewis representation as HF: HI: 
shown: Lewis Lewis 


The ammonia molecule acts as a Lewis base. The boron atom in BF,, base acid 

having only six electrons in its valence shell and needing two more to 

achieve an octet, accepts the pair of electrons from the ammonia molecule. Hence, BF, is functioning as a Lewis acid. 
The types of substances that can act as Lewis acids and bases are listed as follows: 


1. Lewis acids: 
(a) Molecules with incomplete valence shells octets (e.g., BF, AICI,, BCL, etc). 


(b) Positively charged species or cations such as H* or Ag®. All cations can be expected to act as Lewis acids 
because they are electron deficient. However, for most of the cations such as K*, Na’, Ca**, the tendency to 
accept electrons is low, so only H* or Ag’ act as Lewis acids. 


(c) Molecules or ions with complete valence shells, but with multiple bonds that can be shifted to make room 
for more electrons. These are generally molecules having a multiple bond between atoms of dissimilar 
electronegatively (e.g., CO,, SO,, SO,). 


One of the electron pairs of the New covalent bond 
double bond shifts to the oxygen atom (coordinate covalent) 
as a covalent bond forms from the O 
atom of the OH ion tothe Catom. , O 


oe aoe 
H—O:;, >*C O-C a 

; | ‘SS 

O: sete 

Lewis base] | Lewis acid Bicarbonate ion 


(d) Molecules or ions that have central atoms capable of holding additional electrons (usually, atoms of elements 
in the third period and below) (e.g., SO,). 
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New bond 
(coordinate covalent) 
eee [te 42- 
8 oe |h 
:$* ~:0:} —>| :S+O 
{ / 
Sulphur Oxide " Sulphite ion 
dioxide ion 


[Lewis acid [Lewis base| 


(e) Molecules in which the central atom has empty d-orbitals and can therefore accept an electron pair and act 
as Lewis acids. For example, halides such as GeX,, SiX,, SnX,, PX,, etc., (where X =—Cl, —-Br, -I). 


2. Lewis bases: Molecules or ions that have unshared pairs of electrons and that have complete valence shells 
(e.g.,O*, NH,). 
These are of two types: 
(a) Neutral species having at least one lone pair of electrons, such as ammonia, amines, alcohols, etc. 


(b) Negatively charged species or anions, such as chloride, cyanide, hydroxide, ions, etc. 


Note: We can see that Lewis theory applies well to explain both Arrhenius and Brénsted—Lowry defini- 
tions of acids and bases. The Arrhenius theory is the most limited in its definition for acid and bases, whereas 
Brénsted—Lowry theory can account for Arrhenius concept of acid and bases. For aqueous solutions, generally 
the Bronsted—Lowry definition of acids and bases is considered. 


Limitations: This concept fails to explain the behavior of monoprotic and polyprotic acids, such as HCl, H,SO,, etc., 
that do not accept an electron pair and do not undergo coordination bonding. Further, it does not help in predicting 
the relative strength of acids and bases. It does not explain catalytic activity of Lewis acids (e.g., Ziegler-Natta cata- 
lyst), and the slow coordination reactions as opposed to fast acid-base neutralization reactions. 


Solved Example 10-9 


Predict if each of the following will behave as a Lewis (b) BeCl, isa likely Lewis acid since it has an incomplete 


acid or a Lewis base. Give reasons for your answer, shell. The Be atom has only two valence electrons 

(a) Fluoride ion (b) BeCL, molecule and it can easily accept a pair of electrons. 

(c) ISO, (c) SO,could be considered as a potential Lewis base 
since it contains three oxygen atoms, each with lone 

Solution pairs and partial negative charges. However, it is 


more effective as a Lewis acid, since the central sul- 


(a) Fluoride ions have a filled octet of electrons and are phur atom bears a significant positive charge. 


likely to behave as Lewis bases, that is, electron pair 
donors. 


Solved Example | 10-10] 


Identify the Lewis acids and bases in each aqueous (b) (CH,),0+BCl, —(CH,),OBCI, 
reaction. (c) Agt+2NH, = Ag(NH,); 
(a) NH,+H* = NH? 
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Solution (b) (CH,),O is the Lewis base and BCL, is the Lewis acid. 


(a) NH, is the Lewis base since it has an unshared pair (© Ag’ is the Lewis acid and NH, is the Lewis base. 


of electrons. H* is the Lewis acid since it can accept a 
pair of electrons. 


10.4 | ACID-BASE EQUILIBRIA AND IONIZATION CONSTANTS 


Ionization of acids and bases generally occurs in aqueous medium in chemical and biological systems. The strong acids 
and bases are considered to be 100% dissociated in an aqueous solution. This makes calculating the concentrations of 
H,O* and OH in their solutions a relatively simple task. Weak acids and bases are incompletely ionized in water and 
exist in solution as molecules that are in equilibria with the ions formed by their reactions with water. 

Another term called percentage ionization of the acid or base, is defined as follows: 


Moles ionized per liter 


Percentage ionization = x 100% (10.3) 


Moles available per liter 


We will discuss the determination of their ionization constants in the following sections. 


lonization Constants of Weak Acids 
The weak acids and bases are incompletely ionized in water and exist in solution as molecules that are in equilibria 


with the ions formed by their reactions with water. 


HA+H,O =H,0* +A" (10.4) 


where HA is any acid. A general equation for the equilibrium law using K¢ to stand for the equilibrium constant can be 
written as: 
_ [H,0°}[A 7] 
Vz 
[HA][H,0] 


, 


Since in dilute aqueous solutions [H,O] can be considered a constant, so it can be combined with K¢ to give a new 
equilibrium constant. 


K,x{H,o]= BOTA T. x, 
[HA] 
or es [H"][A"] 
THA] 


This new constant K, is called an acid dissociation or ionization constant. The equilibrium concentrations can be 
calculated as follows: 
The undissociated acid and the dissociated ions are in ionic equilibrium. Let C be the initial concentration of the 
acid in mol L". If wis the degree of dissociation, then at equilibrium the concentrations will be 
HA(aq) + H,O(l) = A+ H,O° 
C(l-a) Ca Ca 
Rate of dissociation (forward reaction) = k,C(1 — @) 
Rate of combination (backward reaction) = k, (Ca)(Ca) 


Using the law of chemical equilibrium, the rate of dissociation and combination of ions at equilibrium can be equated: 
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k,CQ. -a)=k,(Ca)(Ca) 


(Ca) (Ca) _ ky | 
C(l-a) _ k, ‘ 
2) 
Ke oes 
1l-a 
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where K, is the dissociation or ionization constant of acid. For weak acids, values of K, are usually quite small and can 
be conveniently represented in a logarithmic form. Thus, we can define the pK, of an acid as 


pK, =—log xk, 


Also, K, = antilog(—pK,) or K, = 10°“. The strength of a weak acid is determined by its value of K,. The larger the 
value of K,, the stronger and more fully ionized is the acid. Because of the negative sign in the defining equation for 
pXK,, the stronger the acid, the smaller is its value of pK,.The values of K, and pK, for some typical weak acids are given 
in Table 10.1. The values of K, for strong acids are very large and are not tabulated. For many strong acids, K, values 


have not been measured. 


Table 10.1 K, and pK, values for weak monoprotic acids at 25°C 


Name of Acid 
Todic acid 
Chloroacetic acid 
Nitrous acid 
Hydrofluoric acid 
Cyanic acid 

Formic acid 
Barbituric acid 
Acetic acid 
Hydrazoic acid 
Butanoic acid 
Propanoic acid 
Hypochlorous acid 
Hydrocyanic acid (aq) 
Phenol 

Hydrogen peroxide 


lonization Constants of Weak Bases 


Formula 
HIO, 
CICH,COOH 
HNO, 

HF 

HOCN 

HCHO, 
HC,H.N,O, 
CH,COOH 
HN, 
CH,CH,CH,COOH 
CH,CH,COOH 
HOCI 

HCN 

C,H.OH 

H,0, 


K, pk, 
1.7x 107 0.77 
1.36 x 107 2.87 
71 x 107 3.15 
6.8 x 10 3.17 
3.5 x 10" 3.46 
1.8 x 10“ 3.74 
9.8x 10° 4.01 
1.8 x 10° 4.74 
1.8 x 10° 4.74 
1.52 x 10° 4.82 
1.34 x 10° 4.87 
3.0 x 10° 752 
62x10" 9.21 
13x10 9.89 
18x10 1174 


The weak Bronsted bases and are proton acceptors. Examples are ammonia, NH, and acetate ion, CH,COO . Their 


reactions with water are 


NH, +H,O = NH; +OH™ 


CH,COO- +H,O = CH,COOH+OH™ 


Notice that, in each instance, the base reacts with water to give OH and the corresponding conjugate acid. We can also 
represent these reactions by a general equation. If we represent the base by the symbol B, the reaction is 

+H,O = BH’ +OH™ 

C(1-a) Ca 


B 
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(As with weak acids, B does not have to be electrically neutral.) This yields the equilibrium law 


xr - BH IIOH 


“ — [B][H,0] 


As with solutions of weak acids, the quantity [H,O] in the denominator is effectively a constant that can be combined 
with K¢ to give a new constant that we call the base dissociation or ionization constant, K,,. 


BH [OH |) (Ca) Ca" 
[B] ee ea 


ee! (10.6) 


Because the K, values for weak bases are usually small numbers, the same kind of logarithmic notation is often used 
to represent their equilibrium constants. Thus, pK, is defined as 


pk, =—log kK, 
Also, K,, = antilog(—pK,) or K,, = 107°». We know that ammonia acts as a base in aqueous solutions, yielding OH ions. 
NH, (aq) + H,O(1) = NH; (aq) + OH (aq) 


Amines are organic compounds that can be considered as derivatives of ammonia, in which one or more hydrogen 
atoms of ammonia are replaced by another group. These also behave as weak bases. Table 10.2 lists some weak molec- 
ular bases and their corresponding values of K,, and pK,,. 


Table 10.2 K, and pK, values for weak molecular bases at 25°C 


Name of Base Formula K, pK, 
Butylamine C,H,NH, 5.9x 10" 3.23 
Methylamine CH,NH, 44x 107 3.36 
Ammonia NH, 1.8 x 10° 4.74 
Strychnine Ci ELN.O} 1.0 x 10° 6.00 
Hydrazine NH, 9.6 x 107 6.02 
Morphine C,,H,,NO; 75 x 107 6.13 
Hydroxylamine HONH, 6.6 x10” 8.18 
Pyridine C,H,N LS 0 8.82 
Aniline C,H.NH, 41x10" 9.39 


Note: For strong acids and strong base, K, or K,, will tend towards infinity (cc) or will be very large (because a= 1). 


lonic Product of Water 


The ionization of water takes place in all aqueous solutions, this knowledge gives us an insight into the acid—base equi- 
libria. Pure water has been found to weakly conduct electricity, indicating the presence of very small concentrations of 
ions arising from the very slight self-ionization, or autoionization, of water itself. 


H,O() +H,O() = H,O*(aq) + OH (aq) 


Acid Base Conjugate acid Conjugate base 
or, H,O = H’* +OH™ 
Its equilibrium law is 
_ [HOH] 
© [HO] 
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In pure water, and even in dilute aqueous solutions, the molar concentration of water is essentially a constant, with a 
value of (1000 g L"')/(18 g mol) = 55.55 mol L". Therefore, 


K, x[H,O]=[H"][OH | 


The product of the two constants, K, x [H,O], must also be a constant. Because of the importance of the ionization 
equilibrium, it is given the special symbol K,, and is called the ionic product or ionization constant of water. 


K,, =[H*][OH ] 


In pure water, the concentrations of H* and OH’ produced by the autoionization are equal because the ions are 
formed in equal numbers. It has been found that the concentrations have the following values at 25°C. 


[H*]=[OH-]=1.0x107 mol L" 


Therefore, at 25°C, K,, = (1.01077) x (1.0107) =1.0x 10 (at 25°C). The value of equilibrium constant for disso- 
ciation of H,O to give H* and OH is given by 


107 
55.55 


=1.8x10° 


So the equilibrium of autoionization lies mainly towards undissociated water molecules. As with other equilibrium 
constants, the value of K,, varies with temperature (Table 10.3). 


Table 10.3 K, at various temperatures 
Temperature (°C) 0 10 20 25) 30 37 40 50 60 
K, 15 10n S10 10ie ors l0ne Ope 10m: opal On: 2 55c10n Sl0>< 101 55 10 95 <1 0m, 


Because of the autoionization of water, there are always both H” and OH ions in any aqueous solution, regardless 
of what solutes are present. This means that in a solution of the acid, HCl, there is some OH , and in a solution of the 
base, NaOH, there is some H,O*. Bases on their molar concentrations, we find that 


1. A neutral solution is one in which [H’] = [OH]; neither ion is present in a greater concentration than the 
other. 


2. An acidic solution is one in which [H’] > [OH], that is, some solute has made the molar concentration of H™ 
greater than that of OH’. 


3. A basic solution exists when [H’] < [OH ], that is, the molar concentration of OH exceeds that of H”. 


Solved Example 10-11, 


An aqueous solution of sodium bicarbonate, NaHCO,, Solution 

has a molar concentration of hydroxide ion of 78 x 10°M. 7 Sere 7 

What is the molar concentration of hydrogen ion? Is the Wesson that iy - Si i [OH |New, 

solution acidic, basic or neutral? (H*] = 10x10™" _ 10x10 _ 13x10°M 
[OH] 7.8x10° 


Since [OH ] > [H’], the solution is basic. 


pH Concept 


With smaller molar concentrations of HX and OH in solutions of weak acids and bases, we come across negative 
exponents while comparing their values. S.P.L. S6renson (1868-1939) suggested an easier approach involving only 
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one number called the pH of the solution. It is the negative logarithm to base 10 of the activity (a,,.) of hydrogen ion. 
Activity can be defined in terms of molar concentrations as 


ca 
Hw mol L" 


In dilute solutions (<0.01 mol), the activity of hydrogen ion is equal in magnitude to molarity represented by [H’]. By 
definition, the pH can be written as 


[H"] 


Hie lost 
P Yor Ye ale 


(10.7) 


For dilute solutions, pH = —log[H*] => [H*]= 107" = antilog(pH) 


Note: The logarithmic definition of pH has been adapted to quantities other than [H*]. Thus, for any quantity X, we 
may define a term, pX, in the following way. 


pX =-logX 
To express small concentrations of hydroxide ion, the pOH of a solution can be defined as 
pOH =-log[OH ] 
Similarly, for K,, we can define pK, as follows. 
pK, =-log kK, 
The numerical value of pK,, at 25°C equals —log (1.0 x 10") or -(-14.00). Thus, 
pK,, = 14.00 (at 25°C) 


A useful relationship among pH, pOH and pK,, can be derived that defines K,. 
pH =-log [H’], pOH =-log [OH] 


Therefore, -log K, = -log [H*] -log [OH] 
pK, = pH + pOH 
At 25°C 14 = pH + pOH 


This tells us that in an aqueous solution of any solute at 25°C, pH + pOH = 14.00. 


Note: Neutral pH is 700 only for 25°C. At other temperatures, a neutral solution still has [H*] =[OH ], but because K,, 
changes with temperature, so do the values of [H”] and [OH ].This causes the pH of the neutral solution to differ from 
7.00. For example, at normal body temperature (37°C), a neutral solution has [H‘] = [OH ] = 1.6 x 107, so pH = 6.80. 


Application of pH 
pH is used to measure the acidity of a solution. Hence, we may define acidic, basic, and neutral in terms of pH values. 
1. In pure water, or in any solution that is neutral. The pH =7 for a neutral solution at 25°C. 
[H*]=[OH ]=1.0x10" M 


2. An acidic solution is one in which [H*] > 10M > pH < 700.Thus, as a solution’s acidity increases, its pH decreases. 


3. A basic solution is one in which the value of [H*] < 10°’M => pH > 700. As a solution’s acidity decreases, its pH 
increases. 
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PH Scale Most 

acidic 
The pH values for some common substances are given on a pH scale in Fig. 10.1. 
It is important to note that the hydrogen ion concentration changes considerably 
with a relatively small change in pH. Thus, a change of one pH unit corresponds 
to a 10-fold change in the hydrogen ion concentration. At pH 6.0 the hydrogen 


0.1 M HCI 


0.3 M Citric acid 


ion concentration is 1 x 10°mol L™. At pH 5.0, it is 1 x 10° mol L", or 10 times ee esl 
greater. That is a major difference. The pH concept is almost never used with Pickles, sour S 
solutions having hydrogen ion concentrations greater than 1 mol as it would lead a s 
to negative values of pH. For example, in a solution where the value of [H’] is loi aj 

2 mol, the pH, would be —log (2.00) or —0.301. There is nothing wrong with nega- (saturated) 


tive pH values, but they offer no advantage over the actual value of [H"]. 
0.03 M Boric acid 
Measuring pH 
_ 3 Milk 
1. pH meters: In pH meter, an electrode system sensitive to the hydrogen ion 


concentration in a solution is first dipped into a solution of known pH to Bettis Ete wetee 


calibrate the instrument. Once calibrated, the apparatus can then be used Bleed 

to measure the pH of any other solution simply by immersing the electrode 0.1 MNaHCO, 
into it. Most modern pH meters are able to determine pH values to within 

+0.01 pH units, and research-grade instruments are capable of even greater 0.3 M Borax 


precision in the pH range of 0.0 to 14.0. 


2. pH test papers: The pH test papers are impregnated with one or more indi- 
cator dyes. To obtain a rough idea of the pH, a drop of the solution to be 
tested is touched to a strip of the test paper and the resulting color is com- 
pared with a color code. 


Milk of magnesia 
0.1 M Ammonia 
0.05 M NasCOz 
0.03 M Na3PO, 


3. Litmus paper: It is often used qualitatively to test whether a solution is Lime water 
acidic or basic. It consists of porous paper impregnated with litmus dye, 0.1 MKOH 
made either red or blue by exposure to acid or base, and then dried. Below 
pH 4.7 litmus is red and above pH 8.3 it is blue. The transition for the color 1.0 MNaOH 


change occurs over a pH range of 4.7 to 8.3 with the center of the change 

at about 6.5, very nearly a neutral pH. To test whether a solution is acidic, a Most 
drop of it is placed on blue litmus paper. If the dye turns pink, the solution is basic 
acidic. Similarly, to test if the solution is basic, a drop is placed on red litmus 
paper. If the dye turns blue, the solution is basic. 


Solved Example | 10-12 | 


The pH of pure water at 25°C and 35°C are 7 and 6, Substituting values, we get 
respectively. Calculate the heat of formation of water 
from H* and OH™ le 
2.303 log aul = Sal au 
10 2 [298x308 


Figure 10.1 The pH scale. 


Solution 


At25°C, [H’] = 107M and K, = 10™ and at 35°C, K, = 10°”. Solving, we get AH = 84551.4 cal mo!™ (for dissociation of 
H,O) and K,(H,O) =-—84.551 kcal mol”. 


K 
Since gas =o 
K, R 


11 
r, 1 


Wi 


Solved Example | 10-13 | 


The K, for 2H,O =H,0*+OH™ changes from 10°“ Solution 

° —14 ° . 
at 25°C to 9.62 x 10 ; at 60°C. What will be the pH and Given that K,, for H,O at 25°C = 10". 
nature of water at 60°C? ¥ 
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[H*]x[OH-]=107(K,, =[H*][OH ]) 
[H*]=10’M > pH=7 
Now, K, for H,O at 60°C is [H*]=[OH]= 9.62 x10™. 
For pure water [H*]=[OH ] 


[H*]=9.62 x10" and 


10.4 | Acid-Base Equilibria and lonization Constants 


pH = -log[H*]=-log(3.10x 10’) = 6.51 


Thus, pH of water becomes 6.51 at 60°C, but the nature 
is neutral since calculation for pure water has been made, 
that is, pH scale at 60°C extends from 0 to 13.02. 


Solved Example | 10-14 | 


What is the pH of a sodium hydroxide solution at 25°C in 
which the hydroxide ion concentration equals 0.0026 M? 


Solution 


There are two ways to solve this problem. We could use 
the tool concerning the K, expression (K,, = [H*][OH | = 
1 x 10°) and the given value of the hydroxide ion concen- 
tration to find [H’], and then calculate the pH. The second 
way would be to use the tool defining pOH to calculate 
the pOH from the hydroxide ion concentration (pOH = 
—log [OH ]) and then subtract the pOH from 14.00 to find 


the pH. The second path requires less effort, so let us pro- 
ceed that way. 

First, we substitute the [OH ], which equals 0.0026 M, 
into the equation for pOH. 


pOH = -log [OH ] = —log (0.0026) = —log (—2.59) = 2.59 
Then we subtract this pOH value from 14.00 to find the pH. 


pOH = 14.00—2.59 = 11.41 


Notice that the pH in this basic solution is well above 7 The 
molar concentration of hydroxide ion is between 0.001 (or 
10°) and 0.01 (or 10), so the pOH must be between 3 and 
2, which it is. Thus, the pH ought to be between 11 and 12. 


Solved Example 10-15, 


Calculate the values of pH, pOH, and [OH] for the 
following solutions: (a) 0.020 M HCl, (b) 0.00035 M 
Ba(OH),, (c) 0.01 N H,SO,. 


Solution 


(a) The solute is HCL, which you should recognize as one 
of the strong acids. Therefore, we expect it to be 100% 
ionized. From each mole of HCl, we expect one mole 
of H*,so we will use the molar concentration of HCl 
to obtain [H’], from which we can calculate the pH, 
pOH, and [OH ]. 

In 0.020 M HCl, [H*] = 0.020 M. Therefore, 
pH = —log (0.020) = 1.70 


Thus in 0.020 M HCl, the pH is 1.70. The pOH is 
(14.00 — 1.70) = 12.30. To find [OH ], we can use this 
value of pOH. 


[OH] = 107°°# = 10°? = 5.0x10 8M 


Notice how much smaller [OH] is in this acidic 
solution than it is in pure water. This makes sense, 
because the solution is quite acidic. 

The solute is Ba(OH),, is a soluble metal hydroxide, 
which is also a strong electrolyte. From each mole of 


(b) 


Ba(OH),, there are two moles of OH liberated. We 
will use the molarity of the Ba(OH), to calculate the 
hydroxide ion concentration. From [OH ], we can 
calculate pOH and then pH. As noted, for each mole 
of Ba(OH), we obtain two moles of OH . Therefore, 


[OH ]=2x0.00035 = 0.00070 M 
pH = -log (0.00070) = 3.15 


Thus, the pOH of this solution is 3.15, and the pH = 
(14.00 — 3.15) = 10.85. In part (a), the molarity of H* 
is between 0.01 M and 0.1 M, or between 107 M and 
10°' M. So the pH must be between 1 and 2, as we 
found. In part (b), the molarity of OH is between 
0.0001 and 0.001, or between 10“ and 10°. Hence, 
the pOH must be between 3 and 4, which it is. 
(c) The reaction involved is 


H,SO, = 2H* +SO2- 
Initial moles 107 0 0 
Moles at equilibrium 0 10° 10° 


Therefore, pH = —log[H*] = —log10~ = 2 and 


pOH = 10 
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Chapter 10 | lonic Equilibrium 


Deriving Relation between K, and K,, 
Formic acid, HCOOH, is a typical weak acid that ionizes as follows: 
HCOOH +H,0 = H* + HCOO™ 
Its K, expression can be written as: 
= [H* ][HCOO ] 
‘ [HCOOH] 


The conjugate base of formic acid is the formate ion, HCOO , and when a solute that contains this ion (e.g., NaCHO,) 
is dissolved in water, the solution is slightly basic. In other words, the formate ion is a weak base in water and partici- 
pates in the equilibrium 


HCOO +H,O = HCOOH + OH” 


The K, expression for this base is 
[HCOOH][OH ] 


* [HCOO"7 


There is an important relationship between the equilibrium constants for this acid-base pair. The product of K, times 

K,, equals K,,. We can see this by multiplying the mass action expressions. 

[H" J[CHO, ] 
[HCOOH] 


[HCOOH][OH”] 
[CHO] 


K,xK, = =[H*][OH ]= kK, 


In fact, this same relationship exists for any acid—base conjugate pair. For any acid—base conjugate pair: 
I IK SIS, (10.8) 
It can also be written as: 


pK, +pK, =pK,, =14.00 (at 25°C) (10.9) 


Solved Example | 10-16 | 


A solution of hydrazine, N,H,, has a concentration of 0.25M. Next we construct the concentration table. 
What is the pH of the solution, and what is the percentage 


ionization of the hydrazine? (K, of hydrazine = 9.6 x 10”) N,H, +H,O =N,H; +OH™ 
Initial concentration (M) 0.25 0 0 
Solution Change in concentration —x +x +X 
; ee . : : caused by the ionization 
Since hydrazine is the only solute in the solution, we will — Concentration at (0.25—x) # * 
have to write the equation for the ionization of a weak equilibrium ~ 0.25 


base and then set up the K, expression. The conjugate acid 


of N,H, has one additional H*, so its formula is N,H?.We Because x is so small, [N,H,] ~ 0.25 M. Substituting into 


begin with the chemical equation and the K, expression. 
N,H,+H,O =N,H;+OH™ 


_ IN.H; [OH] 
[NSH] 


the K, expression, we get 

ClO Ol mer tere 

0.25-x 0.25 
Solving for x gives x = 4.9 x 10°M. This value represents 
the hydroxide ion concentration, from which we can cal- 
culate the pOH. 
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pOH = —log(4.9x 10+) = 3.31 


The pH of the solution can then be obtained from the 
relationship 
pH + pOH = 14.00 


Thus, pH = 14.00 —3.31= 10.69 


10.4 | Acid-Base Equilibria and lonization Constants 


To calculate the percentage ionization, we know the num- 
ber of moles per liter of the base that has ionized. From 
the concentration table, we see that this value is also 
equal to x, the amount of N,H, that ionizes per liter (i.e., 
the change in the N,H, concentration). Therefore, 


49x10" 


Percentage ionization = x 100% = 0.20% 


The base is 0.20% ionized. 


Solved Example | 10-17 | 


Salicylic acid reacts with acetic acid to form aspirin, ace- 
tylsalicylic acid. A 0.200 M solution of salicylic acid has 
a pH of 1.836. Calculate the K, and pK, of salicylic acid. 


Solution 


The reaction involved is HSal — H* + Sal, with the ioni- 
zation constant as 
Kz [H*][Sal] (1) 
[HSal] 
[H*] =10°" =107** = 0.0146 M. With the given values, the 
reaction can be expressed as 


HSal = H* +Sal™ 
Initial concentration (M) 0.200 0 0 
Change in concentration —Xx +x 4x 
caused by the ionization 
Concentration at equilibrium (0.200—x) x x 


We know the [H’] is 0.0146 M, so x =0.0146. Thus, [HSal] = 
0.200 — 0.0146 = 0.185 M and [Sal] = 0.0146 M. 


_ [H*][Sal-] _ (0.0146)(0.0146) 
«~~ [HSal] (0.185) 


Therefore, pK, =—log (K,) =—log (1.15 x 10) = 2.938. 


=115%10" 


Solved Example | 10-18 | 


Phenol is an acidic organic compound for which 
K, = 13 x 107'°. What is the pH of a 0.15 M solution of 
phenol in water? 


Solution 


We use the notation phenol and phenolate for the acid 
and its conjugate base, respectively. The reaction is 


Phenol = H* + Phenolate™ 


Initial concentration (M) 0.15 0 0 
Change in concentration —Xx +x +x 
caused by the ionization 

Concentration at equilibrium (0.15-x) x x 


[H* ][Phenolate] 
[Phenol] 

If we assume that x < 0.15, a good assumption based 

upon the size of K,, we can substitute the equilibrium val- 

ues in to the mass action expression to get: 


The mass expression is K, = =13x10"" 


= (x)(x) = 1.3x107° 
0.15 


Solving gives x = 4.4 x 10° M = [H']. Therefore, 
pH = -log[H’] =-log(4.4 x 10°) = 5.36. 


Solved Example | 10-19 | 


Calculate the concentrations of all the species produced 
in the ionization of 0.040 M H,CO, as well as the pH of 
the solution. 

Solution 


The reaction is 


H,CO, = H* +HCO; 


Initial concentration (M) 0.040 0 0 


Change in concentration —Xx +x +x 
Equilibrium concentration(0.040—x) x x 
= 0.040 
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We know that some amount of H,CO, ionizes; let us call 
this amount x. If x moles per liter of H,CO, ionizes, then 
x moles per liter of H” and HCO; are formed, and the 
concentration of H,CO, is reduced by x. Substituting into 
the expression for K,, gives 


pH = -log(1.3x 10~) = 3.89 


2 2 
Xx Xx 


(0.040—x) 0.040 


Solving for x gives x = 13 x 10°M, so [H*] = [HCO;] 
=1.3 x 10“*M. From this, we can now calculate the pH. 


=4.5x107 


pH = —log(1.3x 10~) = 3.89 


Now let us calculate the concentration of CO}. We obtain 
this from the expression for K,,. 


+ 2- 
= [H ieee ] = 47x 1071! 
*  [HCO;] 


In our analysis, we concluded that we can use the 
approximations 


[H"]., f= [A Veit step 
[HCO3]., ~[HCO;] 


first step 


Substituting the values obtained above gives us 


~4 oe 
G3x10ICOF) a7 03M 
1.310 


or [CO; ]=4.7x10"M=K,, 


Solved Example | 10-20 | 


Ascorbic acid (vitamin C) is a diprotic acid, H,C,H,O,. 


Calculate [H*], pH and [C,H,O¢ ]in a 0.10 M solution of 


ascorbic acid. 


Solution 
[H’] is determined by the first protic equilibrium: 
H,C,H,O, = H’ + HC,H,O; 
1 


0 0 
1-x x x 


2 
0.10 
So, x = [H*] =2.6 x 10° M and pH =-log(2.6 x 10°) = 2.58. 


The mass action expression is: K, = 6.8x 10° = 


The concentration of the anion, [HC,H,O, ], is given 
almost entirely by the second ionization equilibrium: 


HC,H,O; = H* +C,H,O7 
for which the mass action expression is: 


_ [H'JIC.H.O- | 


= Sn 
[HC,H,O;] 


Using the value of x from the first step above gives: 


(2.6x107)[C,H,O? ] 


2.7x10°? = = 
(2.6x 10°) 


So, [C,H,O7 ]=2.7x10°" M. 


10.5 | RELATIVE STRENGTH OF ACIDS AND BASES 


The strengths of acid and base can be understood in terms of Brénsted—Lowry concept. In aqueous solutions, the weak 
acids are Bronsted acids and, therefore, proton donors. Some examples are CH,COOH, HSO; and NHj. In water, 


these participate in the following equilibria. 


HSO; + H,O = H,O* +SO7 


NH‘ +H,O = H,O* +NH, 


Notice that, in each case, the acid reacts with water to give H,O° and the corresponding conjugate base. We can repre- 
sent these reactions in a general way using HA to stand for the formula of the acid. 
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10.5 | Relative Strength of Acids and Bases 


HA+H,O =H,0°+A7 (10.10) 


As you can see from the equations above, HA does not have to be electrically neutral; it can be a molecule such as 
CH,COOH, a negative ion such as HSO;j, or a positive ion such as NH;. The weak bases are weak Bronsted bases and 
are therefore proton acceptors. Examples are ammonia, NH,, and acetate ion, CH;,COO .. Their reactions with water are 


NH, +H,O = NH! +OH™ 
CH,COO” +H,O = CH,COOH + OH” 


In each instance, the base reacts with water to give OH and the corresponding conjugate acid. We can also represent 
these reactions by a general equation. If we represent the base by the symbol B, the reaction is 


B+H,0 = BH* +OH™ 


We have seen that the dissociation equilibrium between Brénsted—Lowry acids or bases is dynamic in nature. So we 
need to determine in which direction the reaction would proceed after a passage of time. This can be obtained by 
comparing the strength of two acids or bases involved in the equilibrium. For example, let us consider the dynamic 
equilibrium for dissociation of hydrochloric acid in aqueous medium. 


HCl(aq) +H,O(1) = H,O*(aq)+ Cl (aq) 

Strong acid Weak base 
The direction of reaction will be determined by relative strength of the two acids HCl and H,O*. Since HCl is a 
stronger acid than H,O*%, it will donate protons and the solution will contain mainly Cl and H,O" ions. So, the equi- 
librium would move in the direction of forward reaction, that is, it will move towards weaker acid and weaker base 
because stronger acid donates proton to stronger base. 

Strong acids dissociate completely in aqueous medium and have weak conjugate bases. Other examples of strong 
acids and their weak conjugate bases are: H,SO, (with HSO; as weak conjugate base), HBr (with Br), HI (with T), 
HNO, (with NO;), HCIO, (with ClO;) and so on. 

Similarly, the dissociation of a weak acid can be considered using example of acetic acid. 


CH OOP OD) +H,00) = CH,COO (aq) + H,0"' (aq) 
Weak acid Strong base 
The extent of dissociation of acetic acid in aqueous medium is small and the forward reaction is not favored. The 
solution will mainly contain undissociated acetic acid. In other words, the conjugate base or the acetate ion shows a 
strong tendency to accept a proton. So the conjugate base of a weak acid is a strong base. Other examples of weak 
acids and their strong conjugate bases are nitrous acid and hydrofluoric acid. 


Note: A strong acid has a weak conjugate base. 
A weak acid has a strong conjugate base. 
A strong base has a weak conjugate acid. 
A weak base has a strong conjugate acid. 


There is an inverse relationship between the strengths of the acid and base members of a conjugate pair. This 
is illustrated graphically in Fig. 10.2. From Eq. (10.8), the product of K, and K, is a constant, so the larger the 
value of K, is, the smaller is the value of K,. In other words, the stronger the conjugate acid, the weaker is its 
conjugate base. 

An important consequence of this relationship is that it is not necessary to tabulate both K, and K,, for the mem- 
bers of an acid-base pair; if one K is known, the other can be calculated. For example, the K, for HCOOH and the K, 
for NH, will be found in most tables of acid—base equilibrium constants. But these tables usually will not contain the 
equilibrium constants for the ions that are the conjugates. Thus, tables usually will not contain the K, for HCOO™ or 
the K, for NHj;. 
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ClO; — Very weak bases; 
do not react with 
NO3 water to a 
Very strong acids; 8 Cr | Leeann 
100% ionized in water a 
2 HO 
=) 
Strongest proton donor = EF — 
that can exist in water 8 
B NOs 
2 ol 
2 | Weak bases 
i in water 
eee o 
Weak acids in water 2 
> 
Z 
-NHi 2 Strongest proton 
L_. 7 acceptor that 
HO can exist in water 
Very weak acid; 
does not react with NH, Very strong base; 


water as an acid reacts 100% 


with water 


Figure 10.2 The relative strengths of conjugate acid-base pairs. 


10.6 | IONIZATION OF POLYPROTIC ACIDS 


Polybasic or polyprotic acids are those acids supplying more than one H* per molecule. For example, sulphuric acid, 
carbonic acid and phosphoric acid. These acids undergo ionization in a series of steps, each of which releases one pro- 
ton. For weak polyprotic acids, such as H,CO, and H,PO,, each step is in equilibrium. Even sulphuric acid, which we 
consider a strong acid, is not completely ionized. Loss of the first proton to yield the HSO; ion is complete, but the loss 
of the second proton is incomplete and involves an equilibrium. 

In water, the weak diprotic acid H,CO, ionizes in two steps, each of which is an equilibrium that transfers an H” 
ion to a water molecule. 


H,CO, = H* +HCO; 
HCO; = H* +CO, 


Each step has its own ionization constant, K,, which we identify as K,, for the first step and K,, for the second. For 
carbonic acid, 


+ - + 2- 
= [H ][HCO; ] = 45x107 and Ky = [H ][CO; ] 


- 3-=45x10" 
[H,CO,] [HCO] 


Mathematically, this can be explained as follows: 
H,CO, =HCO, + H™ 
Att=0 C, 0 0 
Att=t,, C,-x x-y x+y 
Equilibrium constant = K,, 
Similarly 
HCO, =CO,” + H* 


x-y y x+y 
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10.6 | lonization of Polyprotic Acids 


Equilibrium constant = K,, 
Since K,, > K,,, therefore, x >> y. Thus, x — y = x and x + y = x. Then 


* (€,-x) “ (x) 
Therefore, 
[H*]J=x+y=x 
[HCO, J=x-y=x 
[CO,”] =) 


Each ionization makes a contribution to the total molar concentration of H*, and one of our goals here is to relate the 
K, values and the concentration of the acid to [H’]. The principal factor that simplifies calculations involving many 
polyprotic acids is the large differences between successive ionization constants. For H,CO,, K,,is much larger than 
K,, (they differ by a factor of nearly 10,000). Similar differences between K,,and K,, are observed for many diprotic 
acids. One reason is that an H” is lost much more easily from the neutral H,A molecule than from the HA’ ion. The 
stronger attraction of the opposite charges inhibits the second ionization. Typically, K,,is greater than K,, by a factor 
between 10° and 10°, as the data in Table 10.4 show. For a triprotic acid, such as phosphoric acid, H,PO,, the second 
acid ionization constant is similarly greater than the third. 


Table 10.4 Acid ionization constants for polyprotic acids 


Acid ionization constant for successive ionizations (25°C) 


Name Formula K,, K. K. 
Carbonic acid EECO! 4.5x 107 Avec Oe 

Hydrosulphuric acid H,S(aq) 9.5x 10° 1x10” 

Phosphoric acid 1at)210), 71x 10° 6.3 x 10% 45x10" 
Arsenic acid H,AsO, 5.6x 10° 1.7x107 4.0 x 10°” 
Sulphuric acid H,SO, Large 1.0 x 10° 

Selenic acid H,SeO, Large 1.2x 10° 

Telluric acid H,TeO, 2x10° 1x10" 

Sulphurous acid H,SO, 1.2 x 10° 6.6 x 10° 

Selenous acid H,SeO, 4.5x 10° 11x 10% 

Tellurous acid 1SUIRXO), Bisbal 2.0 x 10° 

Ascorbic acid (vitamin C) lal {C Ae). 6.8 x 10° DAS AM 

Oxalic acid JEUC 0), 5.6 x 107 5.4x10~ 

Citric acid (18°C) H,C,H.O, 71x 104 17x 10° 6.3.x 10° 


Because K,, is so much larger than K,,, virtually all the H* in a solution of the acid comes from the first step in the 
ionization. In other words, 


[1 Jroiat = [A Jinst step +TA"] 


first step second step 


where [HJ src step >> LH] second step Lherefore, we make the approximation that 


[H* lista i. [H* Jerse step 


This means that as far as calculating the [H‘] concentration is concerned, we can treat the acid as though it were a 
monoprotic acid and ignore the second step in the ionization. In addition, we have 
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[HCOS Jia = [HCO ] 


total 


However, since [CO{ ] is equal to [H*] 


first step 


-[COo;] 


second step 


which is very small we can say that 


second step second step? 
[HCO5 Jrotat = [HCO3 Jiicst step 
It is, therefore, reasonable to conclude that [H™ Jirs step =[HCO3 Jiirst step 


second step of the ionization equals K,,. 


Note: In a solution that contains a polyprotic acid as the only solute, the concentration of the ion formed in the 


Solved Example | 10-21 | 


A student planned an experiment that would use 0.10 M 
propionic acid, CH,CH,COOH. Calculate the value of 
[H*] and the pH for this solution. For propionic acid, K, = 
1.34 x 10°. 


Solution 


First, we note that the only solute in the solution is a weak 
acid, so we know we will have to use K, and write the 
equation for the ionization of the acid. 


CH,CH,COOH = H* + CH,CH,COO™ 
_ [H*][CH,CH,COO"] 


* [CH,CH,COOH] 


The initial concentration of the acid is 0.10 M, and the 
initial concentrations of the ions are both 0 M. Then we 
construct the concentration table. All concentrations in 
the table are in moles per liter. 


nero, = Tr = (€jnkor 
Initial 0.10 (C) 0 0 
concentrations (M) 
Changes in C(l-a@) Cat+x Cat+x 
concentrations —x 
caused by the 
ionization (M) 
Final (0.10 — x) iu BG 
concentrations at = 0.10 
equilibrium (M) 


Therefore, x = Ca in this case and C= 0.1. 
Notice that the equilibrium concentrations of H* 
and CH,CH,COO’™ are the same; they are represented 


by x. Anticipating that x will be very small, we make the 
simplifying approximation (0.10 — x) ~ 0.10, so we take 
the equilibrium concentration of CH,CH,COOH to be 
0.10 M. Substituting these quantities into the K, expression 
gives 


_[H*][CH,CH,COO"] _ 


«~~ [CH,CH,COOH] 
~ 134x107 


WA) _ We 
(0.10—x) (0.10) 


Solving for x yields x = 1.2 x 10°. x =[H’]. Finally, we cal- 
culate the pH 


pH = —log(1.2x 10%) = 2.92 


First, we check to be sure our assumption was reasonable, 
and it is (0.10 — 0.0012 = 0.10 when rounded correctly). 
Also we see that the calculated pH is less than 7. This tells 
us that the solution is acidic, which it should be for a solu- 
tion of an acid. Also, the pH is higher than it would be if 
the acid were strong. (A 0.10 M solution of a strong acid 
would have [H’] =0.10 and pH = 1.0). If we wish to further 
check the accuracy of the calculation, we can substitute the 
calculated equilibrium concentrations into the mass action 
expression. If the calculated quantities are correct, the reac- 
tion quotient should equal K,. Let us do the calculation. 


[H*][CH,CH,COO™] _ (x)(x)_ (1.2x10°/)° 
[CH,CH,COOH] (0.10) 0.10 
=1.4x10° ~K, 


The check works, so we know we have done the calcula- 
tion correctly. 


10.7 | FACTORS AFFECTING ACID STRENGTH 


1. Strength of binary acids: Many of the binary compounds between hydrogen and non-metals, which we may repre- 


sent by HX, H,X, H,X, etc., are acidic and are called binary acids. For example, weak acids (H,O), H,S, H,Se, H,Te 
of Group 16 and HF of Group 17; strong acids such as *HCI, *HBr and *HI of Group 17. 
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10.7 | Factors Affecting Acid Strength 


The relative strengths of acids correlate with the periodic table in two ways: 


(a) The strengths of the acids increase from left to right within the same period: First, as we go left to right within 
a period, the increase in electronegativities causes the corresponding H—X bonds to become more polar, 
making the partial positive charge (6+) on H greater. This makes it easier for the hydrogen to separate as 
H’, so the molecule becomes a better proton donor. For example, as we go from S to Cl in the third period, 
the electronegativity increases and we find that HCl is a stronger acid than H,S. A similar increase in elec- 
tronegativity occurs on going from left to right in the second period, from O to F and HF is a stronger acid 
than H,O. 


(b) The strengths of acids increase from top to bottom within the same group: Second, acids become stronger 
from the top of a group to the bottom. Among the acids of the halogens, for example, the following is the 
order of relative acidity. 


HF < HCl < HBr< HI 


Thus, HF is the weakest acid in the series, and HI is the strongest. The identical trend occurs in the series of 
the acids of Group 16 elements, having formulas of the general type H,X. These trends in acidity are opposite 
to what we would expect on the basis of trends in electronegativities, which tell us that the H—F bond is more 
polar than the H—I bond and that the O—H bond is more polar than the H—S bond. 


2. Strength of H—X bond: In understanding the proton donating ability of an acid, one of the most important fac- 
tors to consider is the strength of the H—X bond. Breaking this bond is essential for hydrogen to separate as an 
H’ ion, so anything that contributes to variations in bond strength will also impact variations in acid strength. 

In general, small atoms tend to form stronger bonds than large atoms. Moving horizontally within a period, 
atomic size varies relatively little, so the strengths of the H—X bonds are nearly the same. As a result, the most 
significant influence on acid strength is variations in the polarity of the H—X bonds. Descending a group, however, 
there is a significant increase in atomic size from one element to the next, which is accompanied by a rapid decrease 
in the H—X bond strength. Apparently, this more than compensates for the decrease in the polarity of the H—X 
bonds, and the molecules become better able to release protons as we go down a group. The net effect of the two 
opposing factors, therefore, is an increase in the strengths of the binary acids as we go from top to bottom in a group. 

3. Strengths of oxoacids: Acids composed of hydrogen, oxygen, and some other element are called oxoacids. For 
example, H,CO, carbonic acid in Group 14; HNO, nitric acid, HNO, nitrous acid, H,PO, phosphoric acid, H,PO, 
phosphorous acid, H,AsO, arsenic acid, H,AsO, arsenous acid in Group 15; H,SO, sulphuric acid, H,SO, sulphur- 
ous acid, H,SeO, selenic acid, H,SeO, selenous acid in Group 16; HFO hypofluorous acid, HCIO, perchloric acid, 
HCIO, chloric acid, HCIO, chlorous acid, HCIO hypochlorous acid, HBrO, perbromic acid, HBrO, bromic acid, 
HIO, periodic acid, HIO, iodic acid in Group 17 

When an oxoacid ionizes, the hydrogen that is lost as an H* comes from the same kind of bond in every 
instance, specifically, an O—H bond. The acidic strength of such acids is determined by how the groups attached 
to the oxygen affect the polarity of the O—H bond. If a group of atoms makes the O—H bond more polar, it will 
cause easier donation of H as H*, and thereby increase the acidity of the molecule. 

It turns out that there are two principal factors that determine how the polarity of the O—H bond is 
affected. 


(a) Electronegativity of the central atom in the oxoacid: When the central atoms of oxoacids hold the same 
number of oxygen atoms, the acid strength increases from bottom to top within a group and from left to right 
within a period. For example, in Group 16, HIO, < HBrO, < HCIO,. 


(b) Number of oxygen atoms attached to the central atom: In an oxoacid, lone oxygens pull electron density 
away from the central atom, which increases the central atom’s ability to draw electron density away from 
the O—H bond. Therefore, the more lone oxygens that are attached to a central atom, the more polar will 
be the O—H bonds of the acid and the stronger will be the acid. For example, the oxoacids of chlorine, 
HClO < HClO, < HClO, < HCIO,. Comparing their structures, we have 


tOe fO% 


a fe ae ae ae) | meee ae |e 
oo ea oe 


2:0: 
HClO HClO, HCIO, HClO, 
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(c) Delocalization of negative charge to the lone oxygen atoms: For oxoacids, the lone oxygens play a part in deter- 


mining the basicity of the anion formed in the ionization reaction. Consider the acids HCIO, and HCIO,. HCIO, 
is expected to be a stronger acid than HCIO,. Ionizations of their protons yield the anions ClO; and ClO;. 


ClO; Clo; 


In an oxoanion (an anion formed from an oxoacid) the negative charge is delocalized over the oxygens. In the 
ClO; ion, the single negative charge is spread over three oxygens, so each carries a charge of about —1/3. This 
is not a formal charge, but just implies that the charge of 1— is delocalized over three oxygens to give each 
a charge of —1/3. Similarly, in the ClO; ion each oxygen carries a charge of about —1/4. The smaller negative 
charge on the oxygen atoms in ClO; makes it less capable to attract H” ions from H,O* than ClO;, so ClO; 
is a weaker base than ClO;. Thus, the anion of stronger acid is the weaker base. 


4. Strength of other organic acids: Acetic acid and most organic acids are characterized by the -COOH functional 
group. The delocalization of the electron on -COO’ stabilizes the anion after the H” ionizes. If other electronega- 
tive groups such as halogens are bonded to carbon atoms near the -COOH group, they increase the strength of 
the acid. As a result, chloroacetic acid is a stronger acid than acetic acid. Dichloroacetic acid and trichloroacetic 
acids are increasingly stronger acids, CH,COOH < CH,CICOOH < CHCI,COOH < CCI,COOH. Addition of 
each chlorine effectively withdraws more electron density from the —O—H bond, resulting in a weaker bond and 
a stronger acid. 


Note: If conjugate base of an acid is stable, then the acid is a strong acid. If conjugate acid of a base is stable, then 
the base is a strong base. 


10.8 | ACID-BASE NEUTRALIZATION -— FORMATION OF SALTS 


One of the most important properties of acids and bases is their reaction with each other, a reaction referred to as neu- 
tralization. For example, when solutions of hydrochloric acid, HCl(aq), and the base sodium hydroxide, NaOH(aq), are 
mixed the following reaction occurs. 


HCl(aq)+NaOH{(aq) > NaCl(aq)+H,O 


When the reactants are combined in a 1-to-1 ratio by moles, the acidic and basic properties of the solutes disappear and 
the resulting solution is neither acidic nor basic. We say an acid-base neutralization has occurred 

When acids and bases are mixed in the right proportions, salts are formed. It is important to understand how 
the salts are constituted in their normal state and how they behave in their solutions. Let us consider the example 
of sodium chloride. In solid state, the positively charged sodium ions and negatively charged chloride ions are held 
together by strong electrostatic forces. These electrostatic forces of attraction are inversely proportional to the dielec- 
tric of the medium in which the salt is dissolved, in this case water whose dielectric constant is 80. The sodium and 
chloride get separated and move freely in the solution. 

Some terms associated with salts are as follows: 


1. Solvation: The general term for the surrounding of a solute particle by solvent molecules is solvation. Ionic com- 
pounds are able to dissolve in water when the attractions between water dipoles and ions overcome the attrac- 
tions of the ions for each other within the crystal. 


2. Hydration: As the constituent ions become free, they become completely surrounded by water molecules. This 
phenomenon is called the hydration of ions. Hydration is just a special case of solvation. 


3. Ionization: It refers to the formation of ions from a neutral molecule when dissolved in a solution. Ions are ionized 
on fusion or dissolution. This extent of ionization of any salt will thus depend on the strength of the bond and the 
extent of solvation of ions formed. 
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4. Dissociation: It refers to the separation of ions of substances that exist in ionic form in their solid state, when 
dissolved in solution. The terms dissociation and ionization are often used interchangeably but refer to different 
phenomena. A dissociation reaction is usually reversible. 


5. Decomposition: The process of cleaving chemical compounds when subjected to chemical action, heat, electric 
current or biological agents is called decomposition. It can be a natural process or can be done artificially. 


The various types of salts are as follows: 


1. Simple salts: These salts are formed from simple acid-base neutralization reaction. These are further classified into: 
(a) Normal salts: These are formed with the loss of all replaceable H* or OH ions. For example, NaCl, Na,HPO,, 
NaNO,, K,SO,, etc. 


(b) Acidic salts: These are formed due to incomplete neutralization of polybasic acids, and contain at least one 
replaceable hydrogen. These salts can be converted to normal salts by treating them with base. For example, 
NaHSO,, NaHCO,, NaH,PO,, Na,HPO,, etc. 


(c) Basic salts: These salts are formed due to incomplete neutralization of polyacidic bases, and contain at least 
one hydroxyl group. These can be converted into normal salts by treating them with an acid. For example, 
Mg(OH)Cl, Fe(OH),Cl, Bi(OH),CL, etc. 

2. Double salts: These salts are addition compounds formed when two simple salts combine in stoichiometric 
amounts. These salts are stable in solid state only, and lose their identity in solution. When crystals of carnallite 
are dissolved in water, the solution shows the properties of K*, Mg™ and CI ions. In the similar way, a solution of 
potassium alum shows the properties of K*, Al* and SO7 ions. These are both examples of double salts, which 
exist only in the crystalline state. Another example is Mohr salt [(NH,)Fe(SO,),-6H,O]. 


KCl+MgCl, + 6H,O > KCI-MgCl, -6H,O 
(Carnallite) 


K,SO, + AL (SO,), +24H,O > K,SO,- Al,(SO,),:24H,O 


(Potassium alum) 


3. Complex salts: These salts are formed due to combination of simple salts or molecular compounds, and they retain 
their identity in solid as well as solution state. When the compounds CuSO, -4NH,-H,O and Fe(CN), -4KCN 
are dissolved in water, they do not form simple ions— Cu”, or Fe** and CN” but instead their complex ions remain 
intact. Thus, the cuproammonium ion [Cu(H,O),(NH,),]* and the ferrocyanide ion [Fe(CN),]* exist as distinct 
entities both in solid and in solution. These are complex salts and are represented by the use of square brackets. 
Compounds containing these ions are called coordination compounds. 


CuSO, + 4NH,+H,O > CuSO, -4NH,-H,O 


(Tetrammine copper(II) sulphate monohydrate) 


Fe(CN), +4KCN > Fe(CN), -4KCN 


Potassium ferrocyanide 


4. Mixed salts: These salts are called so because when dissolved in a solution, they dissociate to form more than one 
cation (apart from H") or more than one anion (apart from OH ). For example, CaOCl,, KNaSO,, NaNH, - HPO,,. 


10.9 | pH CALCULATION OF SINGLE MONOBASIC ACID OR 
MONOACIDIC BASE 


For calculating the pH of single monobasic acid or monoacidic base, consider the following cases: 
Case 1: For a strong acid HA with concentration C. In aqueous solution: 
HA =H*+A™ 
Att=0 C 0 O 
Att=t,, 0 Cc C 
Then, pH = -log [H’] = -log C 
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Case 2: For a strong base BOH with concentration C. In aqueous solution: 
BOH = B’ +OH™ 
Att=0 C 0 0 
Att=t,, 0 Cc Cc 


Then, pOH = -log [OH ] = -log C 
We know that, pH + pOH = pK, = 14 (at 25 °C). Therefore, 
pH = 14+ log C 


(WuNacadgemypliusaiscounts 


Case 3: For a weak acid HA with concentration C, equilibrium constant K, and dissociation constant (a < 1). In 


aqueous solution: 
HA =H* +A 
Att=0 C 0 0 
Att=t,, C(l-a) Ca Ca 


Asa<1,(1 - @) ~ 1, the equilibrium constant can be written as 


Ke = CAMCH) _ og 
“— C(1-a@) 
a =_ a 
Cc 


[H*]=Ca=JK,C 


pH= ~Fllog kK, +logC] 


Case 4: For a weak base BOH with concentration C, equilibrium constant K,, and dissociation constant (~ < 1). In 


aqueous solution: 
BOH =B + OH 
Att=0 C 0 0 
Att=t,, C(l-a@) Ca Ca 


Asa<1,(1 - @) ~ 1, the equilibrium constant can be written as 


K, CONCH) _ Cg? 
C(1-a) 
K, 

a= es 
Cc 


[OH ]=Ca =./K,C 
1 
pOH = ~5llog K, +logC] 
We know that pH = 14 —pOH (at 25°C). Therefore, 


pH= 144 [log K, +logC] 


Case 5: Strong acid or strong base with extremely low concentrations (C < 10° M). For example, for NaOH (10° M), 


if we just calculate pH as we do in normal case of a strong base 
NaOH = Na*+OH> 

Att=0 10° 0 0 
Att=t,, 0 10° 10° 


[OH ]=10° > pOH=8=> pH =6 
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But the pH of any base has to be greater than 7 (at 25°C). So the method is not correct and contribution of 
H,O towards [OH ] has to be taken into account. So, 
NaOH = Na* +OH™ 


Att=0 10° 0 0 
Att=t,, 0 10° 10%+x 
Also, H,O = H’ + OH 
x  (x+10°%) 
Then, 
10°“ =[H*][OH ]= x(x+10°) 
x? +10%x-10 =0 
e. 10° ty x4x10™ _ 19 0" =95x10" 
Therefore, 


[H*]=10°+9.5x10°% =10.5x10% 
pH = 8—1og 10.5 = 6.97 


Note: In all such questions, a simple trick to get the answer for any base, if we have the analogous case for an acid, 
is to replace [H’] by [OH ], pH by pOH and K, by K,, 


Charge and Mass Balance 


Equilibria existing in the solution in case of monoprotic acid can be expressed as 


HA SH+A K. = [H"}[A"] (10.11) 
[HA Jundissociated 
H,O = H* + OH’ K, =[H*][OH’] (10.12) 


Assuming initial concentration of HA = C or [HA], = C. Applying charge balance, total charge is constant, so 


= 1xH* - 1xA - 1x[OH] 


(Initial charge) | (Charge of H* is+1) (Charge of A” is—1) (Charge of OH~ is-1) 


Therefore, [A”]=[H*]-[OH ] 


[A’]=[H*]- ca (10.13) [(Using (10.12)] 
Applying mass balance on A 
1x[HA], 7 1x[HA], + 1x[A7] 


(Since only latom of A is present in HA) (Since[HA]gicsociatea Contains latomof A) (Since A” contains latomof A) 


C =[HA] +[A7] 


undissociated 


Therefore, 
[HA J ndissociated = Cc cs [A] 


C-[H*}+ A (10.14) [Using (10.13)] 


[HA] ma 


undissociated ~ 
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Substituting [A’] and [HA] from Eqs. (10.13) and (10.14) in Eq. (10.11), we get 


rife 


+ K, 
Gaaarcs 


This equation consists of only one variable [H*] and thus pH can be calculated as —log [H*]. 
Simplification of Eq. (10.15) for various cases: 


Case 1: Strong acid (C > 10° M) 


undissociated 


K = 


a 


(10.15) 


For a strong acid, a > 1 or K, > ~. Therefore, 
K 
C-[H*]+— =0 
[H"] 


Now, C > 10° M. Therefore, contribution of H* from H,O can be neglected. 


w 


[H"] 


is a term due to contribution by H,O equilibrium. Therefore, 
C-[H*]=0-—[H*]=C or pH=-log C 

Case 2: Strong acid (C< 10° M) 

For a strong acid, ~—> 1 or K, > ~. In this case H’ contribution from H,O cannot be neglected. Therefore, 
K,, 
[H"] 
ET Glee |= 0) 

[H*]= C+ JC’ +4K, 
7 z 
pH =-log[H’] 


C-[H*]+ =0 


Case 3: Weak acid (C > 10° M) 


w 


In this case contribution of H* from H,O can be neglected or 


term can be neglected. 


ee 
Therefore, K,= [H"][H"] 
(C-[H")) 


or, 


Case 4: Weak acid (C < 10° M) 


In this case no approximation can be made to Eq. (10.15). 


10.10 | pH CALCULATION OF A MIXTURE OF TWO ACIDS OR BASES 


For calculation of pH for a mixture of two acids or two bases, consider the following cases. 


Case 1: Mixture of two strong monobasic acids. Given: 


HA, HA, 

Conc. C, Conc. C, 
Molar conc. M, Molar conc. M, 
Volume V, Volume V, 
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Then, for HA, 
HA, =H" +Aj HA, =H*+A; 
Att=0 MV, 0 0 C, 0 O 
Att=t,, 0 MV, MV, 0 Cc, CG, 
+M,V, +C, 
Similarly for HA, 
HA, =H +A; HA, = H*+A; 
Att=0 M,V, 0 0 C, 0 0 
Att=t,, 0 MLV, M.,V, 0 G, ©, 
+M,V, +C, 
Therefore, 
M M 
Es ial Pee = Ae [H*] =C,+C, 
Vi+V, 
pH =-log MNS pH = —log(C, + C,) 


Case 2: Mixture of a strong monobasic acid and a weak monobasic acid. Given: 


HA, (strong) HA, (weak) 
Conc. C, Conc. C, 
Equilibrium constant K,, 


Dissociation constant a, 


Then, for HA, 
HA, = H+ A, 
Att=0 C, 0 0 
Att=t,, 0 Cc, CG, 
+C,Q, 
Similarly for HA, 
HA, = H*+ A; 
Att=0 G, 0 0 
Att=t,, C,(1-a@,) Cia, Ca, 
+C, 


K _ (C, +C€,a, (C,a, 
: C,(1-o.,) 
C,05 +C,a,-K, =0 


oe UC aC. 


: 2c. 


) = (C,+C,0,)(o,) 


We can get the exact value of @ by solving the above quadratic equation. However, a simple assumption using 
the common ion effect, will make the problem very simple. Using common ion effect, we can say that [H"] 
contribution from the weak acid HA, can be neglected. Therefore, 


[H*]=C,+C,a, =C, 
pH = -logC, 
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Case 3: Mixture of two weak monobasic acids. Given: 


HA, HA, 
Conc. C, Conc. C, 
Equilibrium constant K,, Equilibrium constant K,, 
Dissociation constant 0, Dissociation constant 0. 
(a, <1) (One) 
Then, for HA, 
HA, = H+ A, 
Att=0 C, 0 0 
Att=t, C,1-a,) Ca, Ca, 
+C,a, 
Similarly for HA, 
HA, = H+ A; 
Att=0 C, 0 0 
Att=t,, C,(-a,) Cia, Ca, 
+C\Q, 
Therefore, Aanae C 
K,,= (C,a@, + C,0r, (C,@,) (as a, <1) 
C, 
KC, = (Cia, + Ca, (C,ar,) 
Similarly, 
K,= (Ca, wee (as a, <1) 
2 


K,C, = (Cia, +C€,0,)(CyQ,) 


Adding Eqs. (10. 16) and (10. 17), we get 
K,,C,+ KC, = (C\a, +C,a,)° 
(C\a, + C,a,) = JKC, + KC, = [H 


Therefore, pH = ~Slogl KC, +K,C,] 


(10.16) 


(10.17) 


Note: Similarly we can get the following results in the case of mixture of monoacidic bases. 


1. Mixture of two strong bases B,OH and B,OH with concentrations C, and C,. 
pOH =-log(C, +C,) 


2. Mixture of a strong base B,OH and a weak base B,OH with concentrations C, and C, and equilibrium constants 


K,, and K,,, respectively. 


pOH =-logC, 


3. Mixture of two weak bases B,OH and B,OH with concentrations C, and C, and equilibrium constants K,, and 


K,,, respectively. 


1 
pOH = 5 loslKuG, +KyC] 
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Solved Example | 10-22 | 


Calculate the [H’] in a solution containing 0.1 MHCOOH (a+b)a 


and 0.1 M HOCN. [K, for HCOOH and HOCN are Ky aicoon= 0.1—a (1) 
4 —4 ‘i 
1.8 x 10~ and 3.3 x 10™, respectively]. . _(atb)b “s 
Solution re = 
The reaction is Dividing Eq. (1) by Eq. (2), we get 
HCOOH = H*+HCOO™ a _18 1 834 
0.1-a a+b a b 3.3 

: HOCN = H*+OCN- Nowsolving, we get a = 2.52x10°M andb=4.61x10°M. 

= Oi=h Bee o Therefore, [H*]=a+b=7.13x10°M. 


pH of Mixture of Strong Acids in Water 


In this case, it is advised to add the sum of milliequivalents of all the acids, which will furnish the same number of 
milliequivalents of hydrogen ions in the solution. Suppose we have two strong acids HA and HB, (i.e.,a = 1) then 
[H*] = N,V, +N,V, = Zmilliequivalents of acids. 


total milliequivalents 


H* siieanit 
[ lesa milliequivalents and hence pH Een log[H*] 
Total volume 


Now, molarity of [H*]= 


molarity * 


Solved Example | 10-23 | 


One liter of HCI (pH = 2) is mixed with two liters of an 10° x1+10° x2=N,x3> N, =4x10° 
acid HNO, (pH = 3). Calculate the pH of the resultant 

acid mixture. Therefore, pH = -log(4x10~) = 2.3980 
Solution 


We know that N,V, + N,V, = N,V,.Substituting given val- 
ues and V, = V, + V, in this equation, we get 


10.11 | pH CALCULATION FOR POLYPROTIC ACIDS 


For calculation of pH of polyprotic acids, consider the following cases: 
Case 1: Strong polyprotic acid H,A with concentration C and equilibrium constant K,,. 
H,A = H’ + HA 
Att=0 C 0 0 
Att=t,, 0 C+x C-x 
Similarly, 
HAT = H* + A® 
Att=t,, C-x x+C x 
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Therefore, 


_ (x+C)(x) 
(C-x) 


a2 


Solving the above equation, we get the value of x 
[H*]=C+x 
pH = -log(C + x) 


Case 2: Weak polyprotic acid H,A with concentration C,. Given that the equilibrium constants are K 


al? Ky and K,y 
such that K,, > K,, > K,3. 


H,A = H* + H,A (Equilibrium constant K,,) 
Att=0 C, 0 0 
Att=t., Cyax X+y+Z XxX-y 
Similarly, 
H,AW = H* + HA* — (Equilibrium constant K,,) 
Att=t, x-y xX+y+zZ y-Z 
And 


HA~> = H* + <A®* — (Equilibrium constant K,,) 
Att=t,,  y-zZ X+y+Z Z 


Since K,, >> K,, >> K,;, therefore x >> y >> z. Therefore, 
xt+y+zZ2x3x-yxxandy-zey 


Therefore, 


Solving for x, we get 
[H*]=x+y+z=x 
pH =-logx 


Note: To calculate pH for a weak polyprotic acid, consider the first dissociation step only to calculate the pH. 


10.12 | HYDROLYSIS OF SALTS AND pH OF THEIR SOLUTIONS 


Salt dissolves in water to produce both a cation and an anion. The cation has the potential to act as an acid and the 
anion as a base. They can exist as hydrated ions in aqueous solutions or interact with water to re-form acids and bases. 
The reaction of a cation as an acid or an anion as a base is known as a hydrolysis reaction. The interaction between 
water and cations and/or anions of the salt alters the pH of the solution. 

Hydrolysis is reverse of neutralization 


Salt +H,O = Acid + Base 


To decide if any given salt will affect the pH of an aqueous solution, we must examine each of its ions and see what 
it alone might do. There are four possibilities: 


1. If neither the cation nor the anion can affect the pH, the solution should be neutral. 
2. If only the cation of the salt is acidic, the solution will be acidic. 
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3. If only the anion of the salt is basic, the solution will be basic. 
4. If a salt has a cation that is acidic and an anion that is basic, the pH of the solution is determined by the relative 
strengths of the acid and base based on the K, and K, of the ions. 


Hydrolysis in strong acids, strong bases weak acids and weak bases 


1. Anions of strong acids and cations of strong bases do not undergo hydrolysis reactions: Some ions do not undergo 
hydrolysis, so they do not have acid or base character in water and will not change the pH of pure water from 70. 
For example, in the ionization process of HCI, the forward reaction is 100% complete, so the reverse reaction does 
not occur in water. Thus we notice that the CI ion, in spite of being a conjugate base, does not exhibit proton- 
accepting ability in water to form an HCI molecule. Hence, the Cl ion does not undergo hydrolysis. Similarly, the 
other anions of strong acids (i.e., NO;, ClO,, Br and I) do not undergo hydrolysis reactions. The same is true 
for the cations of strong bases (e.g., Na*, K*, Ca** and Mg” and other alkali metal and alkaline earth metal ions). 
All of them exist as independent, hydrated ions in aqueous solution and so do not undergo hydrolysis. 


2. Anions of weak acids (i.e., their conjugate bases) undergo hydrolysis in aqueous solution, producing weakly basic 
solutions: Let us the ionization equilibrium for the weak acid HClO. 


HC1O(aq)+ H,O(1) = H,O* (aq) + ClO (aq) 


Since this reaction reaches a point of equilibrium favoring the reactants on the left, the ClO” demonstrates pro- 
ton-accepting ability in water. When this anion is added to water as part of a salt, it exhibits its weakly basic nature 
by producing a small concentration of hydroxide ion. The following equation represents the hydrolysis reaction of 
the hypochlorite ion. 


ClO (aq) + H,O(1) = HClO(aq) + OH (aq) 


The extent of hydrolysis of anions is generally quite small, however, so the equilibrium lies far to the left. 


Anionic hydrolysis can be represented as 
A’ +H,O = HA + OH” 


3. Cations (conjugate acids) of weak bases undergo hydrolysis in aqueous solution, producing weakly acidic solu- 
tions: Let us now consider the ionization equilibrium of a weak base, ammonia. It reacts with water to produce 
small concentrations of NH; and OH ions. Since this is also an equilibrium situation, we can conclude that the 
NH; ion demonstrates proton-donating properties in the reverse reaction. When the ammonium ion is placed in 
water as part of a salt, it exhibits a weakly acidic nature by producing a small concentration of hydronium ion. The 
hydrolysis of the ammonium ion is illustrated by the following equation. 


NH; (aq)+ H,O(1) = H,0" (aq) + NH, (aq) 
Cationic hydrolysis can be represented as 
B’+H,O = BOH +H’ 


Based on these, we can now explore the behavior of salts of the following types, in their aqueous solutions. 


Salt of Strong Acid and Strong Base 


Salt of a strong acid and a strong base does not undergo salt hydrolysis. The pH in such cases is 
1 
H=—pkK 
P ) PA, 


Hence if pK, = 14, then pH = 7 For example, NaCl, KNO,, etc. 
Consider NaCl 


Na* Cl +H,O = Na*+OH + Cl +H* 


H,O = H* + OH” 
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Therefore, 


pH = peel (at 25°C) 


Salt of Weak Acid and Strong Base 


Consider the example of CH,COONa which is a salt of weak acid (CH,COOH) and a strong base (NaOH). It under- 
goes complete dissociation in aqueous solution. 


CH,COONa (aq) — CH,COO (aq) + Na*(aq) 
We have seen above that acetate ions undergo hydrolysis in water to form acetic acid and hydroxide ions. 
CH,COO (aq)+ H,O(1) = CH,COOH(aq) + OH (aq) 


Acetic acid being a weak acid will remain unionized in water and the concentration of hydroxide ions will make the 
solution alkaline, so the pH of the solution will be more than 7. The hydrolysis constant is K, expressed as 


x, —[CH;COOH] [OH] (10.18) 
: [CH,COO™] 


CH,COO"][H*] 
CH,COOH 


We know that K,, =[H*][OH ] and K, = . Comparing with the above equation, we get 


Kea (10.19) 


From Eq. (10.18), we have 


fou] = KnXICH,COO"] _ K, [CH,COO"] 
[CH,COOH] _ K, [CH,COOH] 


Taking log on both sides, we get 


_ [Salt] 
log/OH |=log K, —log K. +lo 
g[OH |= log K,, -log K, gi Aca 
[Salt] [Salt] 
—-pOH=-pK,+pkK, +1 => pK, -pOH=pkK., +1 
or p pA, +p, °8 Acid] p&, —p pA, °8 Acid] 
[Salt] 
H = pK, +log —— 10.20 
pH = pK, gr Acid] (10.20) 


In hydrolysis of salts, the degree of dissociation is replaced by degree of hydrolysis, which is represented by h. 
Substituting the concentrations in Eq. (10.18) in terms of C and h from the reaction 


CH,COO (aq)+ H,O(1) = CH,COOH(aq)+OH (aq) 
C(1-h) Ch Ch 
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ChxCh Ch? 
we get i= = 
CQl-h) 1-h 
Ash <1, we have Cie = Ewe pe Ky 
K, K,C 
Now, [OH-]=Ch=Cx oe ae 
K,C K, 
Similarly, [H*]= Ky = Ky Ky 
[OH ] Cc 


Taking log on both sides, we get 


—log[H*]= slosk, - slog K, + Flogc = 5(PK, +pkK, +logC) 


Therefore, pel 7 5PK, + log € (10.21) 


Salt of Strong Acid and Weak Base 


Consider the example of NH,Cl which is a salt of a strong acid (HCl) and a weak base (NH,OH). It undergoes com- 
plete dissociation in aqueous medium. 


NH, Cl(aq) > NHj(aq)+ Cl (aq) 
We have seen that ammonium ions undergo hydrolysis to form ammonia and H’ions. 
NH} (aq)+ H,O(1) = NH,OH(aq) + H* 


Ammonium hydroxide is a weak base, so it remains unionized in solution and the concentration of H” ions makes the 
solution acidic and pH of the solution is lower than 7. The hydrolysis constant is K, expressed as 


eS ee (10.22) 


NH? ]x[OH™] 


We know that K, =[H’][OH ] and K, = (NH,OH] Comparing with the above equation, we get 
4 


K == (10.23) 


From Eq. (10.22), we have 
ey KeX(NHi] _ Ky _[NH3] 
[NH,OH] Kk, [NH,OH] 


Taking log on both sides, we get 
[Salt] 


log[H*]= log K, —log K, + log —— 
[Base] 


https://telegram.me/unacademyplusdiscounts 


Chapter 10 | lonic Equilibrium 


or —pH=-pK, +pK, + log alll = pK, —-pH= pK, +log sell) 
[Base] [Base] 
pOH= pk er oa (10.24) 
[Base] 
Substituting the concentrations in Eq. (10.22) in terms of C and h from the reaction 
NH} (aq)+ H,O(1) = NH,OH(aq) + H* 
C(1—-h) Ch Ch 
ChxCh — Ch? 
we get _ = 
C(-h) 1-h 
Ash < 1,we have Cie pe Ky 
K, K,C 
Now, [H*]=Ch=cCx K, = K,C 
K,C K, 
Taking log on both sides, we get 
geod. 1 1 
log([H*]= 7 los ky Ha EC = leek, 
1 1 1 
H==pkK logC K, 
P a aa 
1 1 
or pH= NCS 1 (10.25) 


Salt of Weak Acid and Weak Base 


Consider the example of CH,COONH,, which is a salt of a weak acid (CH,COOH) and a weak base (NH,OH). The 
salt will be partially dissociated in aqueous medium. 


CH,COONH, (aq) — NH} (aq)+CH,COO (aq) 
The ions formed will go hydrolysis as follows: 
NH; (aq)+CH,COO (aq) + H,O(1) = CH,COOH + NH,OH 


Acetic acid and ammonium hydroxide being a weak acid and base, respectively, will also exist in solution in partly 
dissociated form. 

CH,COOH = CH,COO™ + H* 

NH,OH = NH; +OH™ 


The hydrolysis constant is K,, expressed as 


_ [NH,OH][CH,COOH] (10.26) 


: [NH?][CH,COO"] 


We know that K,, =[H*] [OH] and K, = OO Is 1 K,= EAE | 
[CH,COOH] [NH,OH] 
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Comparing with the above equation, we get 


Kw (10.27) 


Substituting the concentrations in Eq. (10.26) in terms of C and a from the reaction 


NH; (aq)+CH,COO (aq) + H,O(1) = CH,COOH + NH,OH 


C(1-A) C(1-A) Ch Ch 
ChxCh h 
we get i=, a= 2 
C(-hy (-h) 
Ash <1,we have h? = Ky >h= Ky 
K,K, K,K, 


Now, due to common ion effect, the acetate ion coming from CH,COOH can be neglected, thus from the following 
reaction, 


CH,COOH = CH,COO" +H* 


Ch C(1-h) 
we have, = [CH,COO JH] _ C0—h)[H*] 
[CH,COOH] Ch 
Ash < 1,we have eee | .pear']=Kn= Kx Ky _ [KK 
A KK, K, 


This expression is independent of the concentration of the salt. 


1. if K, = K,, pH =7 solution will be neutral. 
2. if K, > K,, pH <7 acidic solution. 
3. if K,< K,, then pH > 7 alkaline solution. 
Taking log on both sides, we get 
1 1 1 
loglH*]=—log K,, +=~log K, -—log K 
oglH"]= {log K, +> log kK, — > logK, 


1 1 1 
H= K log K, +=pK 
P 7 Pw OB aT 5 PAt 
1 1 
or pH= dee lioty K,- ASS (10.28) 


The degree of hydrolysis is independent of concentration of the solution and pH of such solutions can be determined 
by the above relation. The pH of the resulting solution will be determined by the relative strength of acid and base of 
which the cation and anion are a part. 


Note: In case of weak base NH,CN and weak acid CH,COONH,, both the ions are hydrolyzed with equal extent 
of hydrolysis for both cation and anion if K, = K,. In case K, < K,, it is expected that hydrolysis of CN” ions is to a 
greater extent. However, the hydrolysis of CN ions takes place as follows: 


CN’ +H,O = HCN+OH™ 
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The OH ions produced react with NH; ions as follows: 
OH (aq) + NH; (aq) = NH,OH 


The production of OH’ from the former reaction will displace the above reaction to the right, so as to remove OH” 
ions. So, the hydrolysis of one ion causes the other ion to be hydrolyzed as well to almost the same extent. So, we 
can assume that [HCN] = [NH,OH] even if K, # K,. 


Salts of Weak Polyprotic Acids 


Consider the following salts of weak polyprotic acids: Na,PO,, Na,HPO, and NaH,PO,, each with concentration C. 
Given that for H,PO,, K,, >> K,. >> K,,-To calculate the pH when Na,PO, is hydrolyzed, we can say that only PO} is 
hydrolyzed. Then steps in hydrolysis are: 


K 


PO; +H,O =HPO;+OH” Ky, = a 

a3 
2- . : K, 
HPO; +H,O=H,PO,+OH™ Ky) =—* 
a2 

: : K 

H,PO, +H,0 = H;PO,+OH™ Ky, ==* 
al 


Also, 


H,PO, =H*+H,PO,; = (Ky) 
H,PO; =H*+HPO? ~— (K,,) 
HPO? =H*+PO? —(K,;) 


Since K,, >> K,. >> K,3, therefore, Ky, > Ky >> Ky3. 
Thus, we can consider the first step of hydrolysis only. Then, 


pH= sIpK, +pK,, +logC] 


pH Calculation of Amphoteric and Amphiprotic lons 


Similarly, in Na,HPO, and NaH,PO,, the ions hydrolyzed are H,PO, and HPO,’, respectively. Both of these are 
amphiprotic ions. For calculation of pH of amphoteric or amphiprotic ions, consider the following example. 


ad H3PO, 


HpPOq 


Se HPO3 


1 
pH = 5 (PKa +pK,y) 


1 
pH = 7 (PK +pK,;) 


Therefore, pH of Na,HPO, = 5(PK, +pK,,) and pH of NaH,PO, = 5(PK, +pK,,). 
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Solved Example | 10-24 | 


The degree of hydrolysis and pH of 0.2 M solution of K K 10" 
. d is L -5 h= n |= — le j———_——_ = 5.27x10* 
NH, Cl will be [Given K, for NH,OH is 1.8 x 107] ( cl fe 18x10> x02 


Solution From HCl, a strong acid, we have 
The reaction can be represented as [H*]=Ch=C ( K, “ = (K.6) 


NH,Cl+H,O = H' (aq) + CH,COOH (aq) 


aa -14 
Before ——C 0 0 Ky cl m0 a = 1.054105 
hydrolysis 1.8x10°[ 
After C(1—-h) x x 


hydrolysis Therefore, pH = —log[H* ]=—log(1.054 x 10~) = 4.9771 
where h is the degree of hydrolysis. 


Solved Example | 10-25 | 


What is the percentage hydrolysis in 0.0003 M aqueous The degree of hydrolysis is 
solution of NaOCN [K, for HOCN = 3.33 x 10“]? 


10-4 = 
- (2 =10 
Solution [é | Z 33x107 x 0.003 


The reaction involved is Therefore 


NaOCN+ H,O = NaOH + HCN % hydrolysis = 107 x 100 = 107 


Solved Example | 10-26 | 


What is the pH of a 0.05 M aqueous NaCN solution [pK,, 


for CN” = 4.70]? pON= 


[pK,, -logC —- pK, ] 


Solution [14 —log 0.5 —9.30] 


The pK, for HCN = 14 - pK, = 14 — 4.70 = 9.30. Now, [14+ 0.3010 —9.30] = 2.5 


ae ee 


Therefore, pH=14-2.5=11.5 


Solved Example | 10-27 | 


What is the pH of mixture obtained by mixing 50 ml In this case, pH is decided on the basis of hydrolysis of salt. 
of 0.05 M NH,OH and 50 mL of 0.05 M CH,COOH a5 

[K,=18x 10° and K, =1.8 x 10°]? [CH,COONH,]= foo =2.5x10°M 

Solution Therefore, 


The reaction involved is 


NH,OH+CH,COOH =CH,COONH, +H,O 


pH= +5llogk, —log K,, —log K, | 


Before = 2.5 2.5 0 0 =" (pK. pk pk) 
hydrolysis 2 
ATET 0 0 2.5 25 1 r 
=—[log (1.8x1 log 10~* —log(1.8 x 107 
hydrolysis a llog (1.8x10" ”) + log o0g(1.8x10°)] 
=7 
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10.13 | BUFFER SOLUTIONS 


Many chemical and biological systems are quite sensitive to pH. For example, if the pH of our blood were to change 


ounts 


from the range of 735 to 742, either to 700 or to 8.00, we would die. Thus, a change in pH can produce unwanted effects, 


and systems that are sensitive to pH must be protected from the H” or OH that might be formed or consumed by 
some reaction. The solution containing solutes is said to be buffered or it is described as a buffer solution. 

A buffer contains solutes that enable it to resist large changes in pH when small amounts of either strong acid or 
strong base are added to it. Ordinarily, the buffer consists of two solutes, one providing a weak Bronsted acid and the 
other a weak Bronsted base. Usually, the acid and base represent a conjugate pair. If the acid is molecular, then the 
conjugate base is supplied by a soluble salt of the acid. For example, a common buffer system consists of acetic acid plus 
sodium acetate, with the salt’s acetate ion serving as the Bronsted base. In our blood, carbonic acid (H,CO,, a weak 
diprotic acid) and the bicarbonate ion (HCO;, its conjugate base) serve as one of the buffer systems used to maintain a 
remarkably constant pH in the face of the body’s production of organic acids by metabolism. Another common buffer 
consists of the weakly acidic cation, NH}, supplied by a salt-like NH,Cl, and its conjugate base, NH,. 

One important point about buffers is the distinction between keeping a solution at a particular pH and keeping 
it neutral - at a pH of 7 Although it is certainly possible to prepare a buffer to work at pH 7, buffers can be made that 
will work around any pH value throughout the pH scale. 


Identification of Buffer 
For identification of buffer, consider the following cases. 


Case 1: Given a weak acid (WA) and a strong base (SB), with molar concentration and volume as M,,V, and M,,V, 
respectively. Then 


(Mp, Vo) 
SB 


SB >WA 
WA > SB WA = SB 
WASB 
+ 


WASB (Mp Vp) WASB (se) 
+ 


WA (M,V;—MpVo) |g _ MV or MoVa 
V1 + Vp 0. Mave Mn 


Acidic buffer Hydrolysis 1= V,+ Vp 


(M, ’ V1) + 
WA 


Then pH values for the three conditions are, respectively 


MLV, 
i) (Acidic buffer) 
MV, ~ M,V, [ 


pH=pK, +o 
1 
pH= 3 (PK. +pK,+logC) (Hydrolysis) 
and pH = 14+logC, 


Case 2: Given a weak base (WB) and a strong acid (SA), with molar concentration and volume as M,,V, and M,,V, 
respectively. Then 


(MyVs) 4 MWe 
WB 
WB <SA 
WB > SA WB = SA 
WBSA *(sa) ©) 
WBSA (M_V>) WBSA 
a M>V> or M, V. ui ati 
WB (M,V;—M,V>) | C= 12/200 Mt mie V, + Vo 
Vv; + Vo 
Basic buffer Hydrolysis 
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Then pH values for the three conditions are, respectively 


MLV, 


al Basic buffer 
MV, a M, V, [ ( ) 


pOH = pK, + loe( 


pH= $(K, —pK,, —logC) (Hydrolysis) 
and pH =-—logC, 


pH of Buffer Solutions: Henderson-Hasselbalch Equation 


We have seen that important buffers generally consist of mixtures of weak acids and their salts or weak bases and their 
salts and are known as acidic buffers and basic buffers, respectively. If the pH of the buffer solution is less than 7 it is 
called an acidic buffer and if the pH of the solution is more than 7 it is called a basic buffer. Let us now understand 
how the pH of acidic and basic buffers are determined and their buffer action. 


PH of an Acidic Buffer 


A common acidic buffer is a mixture of acetic acid and sodium acetate. The salt sodium acetate is completely dissoci- 
ated in aqueous medium while acetic acid being a weak acid is partly dissociated. At equilibrium, 


CH,COOH = H*(aq) + CH;COO (aq) 
The acid dissociation constant can be expressed as 


[H*][CH,COO"] 


* ~~ [CH,COOH] 


ss ary = x [HCOOH] 
[CH,COO | 
Taking negative logarithm on both sides, we get 
—log[H*]=-—log K, —log eer 
[CH,COO ] 
BE apk lee OOt) Si Mics [CH,COO | 
[CH,COO ] [CH,COOH] 


In general, for an acid HA, the equation can be expressed as 


[A’] 


H=pkK, +1 
p pA, STA] 


In most buffers used, the anion A’ comes from a salt in which the cation has a charge of 1° such as NaA, and the acid 
is monoprotic. With these as conditions, the equation is sometimes written as 


[Salt] 


ae (10.29) 


pH = pK, +log 


The relation is called Henderson—Hasselbalch equation, and it shows that the pH of an acidic buffer (mixture of weak 
acid and its salt) depends on the pK, of the acid and the concentrations of the salt and acid in the mixture. 
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On large dilution, the Henderson- Hasselbalch equation may not hold. For example, in the above case, if the solu- 
tion is diluted 1000 times, then CH,COOH is no longer a weak electrolyte. Given that concentration of CH,COOH 
and CH,COONa is C, and C,, respectively and equilibrium constant for acetic acid is K,. Then for CH,COOH 


H,CCOOH = CH,COO +H* 
At t=0 C; 0 0 
Att=t,, O,-x x +C, x 


Similarly, for CH,COONa 


H,CCOO-Na* = CH,COO” +Na* 
Att=0 GC, 0 0 
Att=t,, 0 C,+x C 


Therefore, 


Solving for x, we get 


Buffer Action of Acidic Buffer 


To work, a buffer must be able to neutralize either a strong acid or strong base that is added to it. This is precisely what 
the weak base and weak acid components of the buffer do. Consider, for example, a buffer composed of acetic acid, 
CH,COOH, and acetate ion, CH,COO , supplied by a salt such as CH,COONa. If we add extra H’ to the buffer (from 
a strong acid) the acetate ion (the weak conjugate base) can react with it as follows. 


H*(aq)+CH,COO (aq) ~ CH,COOH(aq) 


Thus, the added H* changes some of the buffer’s Brénsted base, CH,COO , to its conjugate (weak) acid, CH,COOH. 
This reaction prevents a large buildup of H* that would otherwise be caused by the addition of the strong acid. A similar 
response occurs when a strong base is added to the buffer. The OH from the strong base will react with some CH,COOH. 


CH,COOH(aq) + OH (aq) > CH,COO (aq) + H,O(aq) 


Here the added OH changes some of the buffer’s Bronsted acid, CH,COOH, into its conjugate base, CH,COO . This 
prevents a buildup of OH, which would otherwise cause a large change in the pH. Thus, one member of a buffer team 
neutralizes H* that might get into the solution, and the other member neutralizes OH’. 

PH of a Basic Buffer 


A common example of a basic buffer is a mixture of ammonium hydroxide and ammonium chloride. The salt ammo- 
nium chloride is completely dissociated in aqueous solution, while ammonium hydroxide being a weak base is slightly 
dissociated, so the equilibrium mixture contains ammonium hydroxide as well as ammonium and chloride ions. 


At equilibrium, NH,OH(aq) = NHj(aq) + OH (aq) 
NH,Cl(s) = NHj(aq) + Cl(aq) 
The base dissociation constant can be expressed as 


[NH; ][OH | 
° [NH,OH] 
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or on j=«, Sow 
[NH;] 
Taking negative logarithm on both sides, we get 
2 [NH,OH] 
—logl[OH |=-log K, -1 
og[OH |= —log K, —log INH] 
[NH,OH] [NH;] 
OH = pK, — log ———— = pK, + 1 
Pp PA, — 10g [NH] pA, + 10g [NH,OH] 
In general, for a base HB, the equation can be expressed as 
Salt 
pOH = pK, + log (10.30) 


Here we assume that the concentration of ammonium ions is same as the concentration of the salt because the ammo- 
nium ions from ammonium hydroxide are negligible. The ionization of ammonium hydroxide is further suppressed 
by the presence of ammonium ions from the salt. Equation (10.30) is also called Henderson-Hasselblach equation. 
If pOH of an aqueous solution is known, the pH can be calculated as follows. We know that pH + pOH = 14. 
Substituting in Eq. (10.30), we get 
[Salt] 


H=14-pkK, -1 = pK, +1 
7 oe °F [Base] pee [Salt] 


(as pK, + pK, =14) 


Buffer Action of Basic Buffer 


To work properly, a basic buffer must be able to neutralize either a strong acid or strong base that is added to it. 
Consider, for example, a basic buffer composed of ammonium hydroxide and ammonium ions supplied by salt such as 
ammonium chloride. If we add extra H™ to the buffer from a strong acid such as HCl, they will combine with OH ions 
in the solution to form water. 


H*(aq) + OH (aq) = H,O(1) 


Thus, addition of H* ions does not affect the pH of the solution. Next let us understand what happens if we add extra 
OH. ions to the buffer from a strong base such as NaOH. These ions will react with ammonium ions present in the 
solution due to slight ionization of NH,OH. 


NH/j(aq)+ OH (aq) > NH,OH(aq) 


Hence, the addition of a base to the buffer solution also does not alter the pH of the solution. 


Salt Buffer 
When a solution of a salt itself acts as a buffer, it is known as a salt buffer. These are salts of a weak acid and weak base. 
For example, CH,COONH, = CH,COO™ + NH; 


An acid added reacts with CH,COO™ to produce CH,COOH, while a base added reacts with NH; to produce 
NH,OH. 


Buffer Capacity 


Buffer capacity, also known as buffer index, is the change in the concentration of buffer acid (or base) required to 
change the pH of its solution by one, while keeping the concentration of [salt] + [acid] or [salt] + [base] constant. 

Let there be an acidic buffer containing a moles of acid (HA), b moles of salt (NaA) and K, of acid is given, then 
we have (pH), as 


b 
(pH), =pK, +log , 
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Let us add a very small amount of strong base, that is, x moles, such that x< aandx <b 


(pH), =pK, + log 
ApH = (pH), —(pH), = toe( 27 = toe( 
(b+x) a \ 
ApH = log| ~~ 
. oa b (a—x)F 


| (b+x) a 
=n b yl 


Differentiating the above equation with respect to x keeping y constant, we get 
o(pH)_ 1 ne ge et 


Ox ~ 2303 a(b+x) b (a-x) r 


0 (pH) 1 (a+b-2x) 


ax 2.303 (a—x)(b+ x) 


ad = eee) = Buffer index (B.I.) 
0(pH) (a+ b—2x) 


Since, x < aand x < b, therefore, 


as = a 0(aP) = Buffer index or Buffer capacity 


d(pH) (a+b) 


If we take the total amount of acid + salt, that is,a + b = y, Then 
0b __ 2.303(y—b)b 


B.I. = 
6(pH) y 


To get maximum buffer capacity, ~(BL) =0 


2S (y-2b)=0= b=2. 


Therefore, b = * snda=bae 
2 2 


Hence, for maximum buffer capacity, moles of WA = moles of WASB (salt) 


db 


2.303 dpH 


0 0.2 040.5 0.6 0.8 1.0 
b/a 


Figure 10.3 Buffer capacity. 
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The range of buffer within which a buffer can be used is difficult to predict. Therefore, it is generally accepted that a 
solution has useful buffer index provided that the value of [Salt]/[Acid] or [Salt]/[Base] lies within the range 10-0.1. 


Hence, from Henderson equation we have 


pK, + log(0.1) < pH < pK, + log10 
or (pK,-1)<pH< (pK, +1) 


Beyond this range, the buffer index is very small for any practical application. 


Solved Example | 10-28 | 


The pH of buffer changes from 4.745 to 4.832 when 0.01 
mol of KOH is added to 0.5 L of buffer. What is the buffer 
index? 


Solution 
The buffer index is 


_ Moles of Acid/Base add to 1 L of buffer 
7 Change in pH Value 

—  0.01x2 

~ 4.832 — 4.745 

= 0.23 


B.I. 


Solved Example | 10-29 | 


20 mL of 0.2 M NaOH is added of 50 mL of 0.2 M ace- 
tic acid to give 70 mL of the solution. What is the pH of 
the solution? (The ionization constant of acetic acid is 
1.8x 10°). 


Solution 


The addition of NaOH converts equivalent amount of 
acetic acid into sodium acetate. Hence, concentration 
of acetic acid after the addition of sodium hydroxide 


= 20 02M 
70 


Concentration of sodium acetate after the addition of 


sodium hydroxide = 2 x 0.2 M 


[Salt] 
[Acid] 


Hence, using the expression pH = pK, + log , we get 


pH = —log(1.8x 10°) + log( = = 4.745 -0.177 = 4.568 


Solved Example | 10-30 | 


To study the effects of a weakly acidic medium on the rate 
of corrosion of a metal alloy, a student prepared a buffer 
solution containing both 0.11 M CH,COONa and 0.090 M 
CH,COOH. What is the pH of the solution? 


Solution 


The buffer solution contains both the weak acid CH,COOH 
and its conjugate base CH,COO.. Earlier we noted that 
when both solute species are present we can use either 
K, or K,, to perform calculations, whichever is handy. In 
our tables we find K, = 1.8 x 10° for CH,COOH, so the 
simplest approach is to use the equation for the ioniza- 
tion of the acid. We will also be able to use the simplifying 


approximations developed earlier; these always work for 
buffers. 

As usual, we begin with the chemical equation and 
the expression for K,,. 


CH,COOH = H* +CH,COO™ 
_[H*][CH,COO"] 
«~~ [CH,COOH] 


K =1.8x10> 


Let us set up the concentration table so we can pro- 
ceed carefully. We will take the initial concentrations of 
CH,COOH and CH,COO‘ to be the values given in the 
problem statement. There’s no H* present from a strong 
acid, so we set that concentration equal to zero. If the 
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initial concentration of H* is zero, its concentration must 
increase on the way to equilibrium, so under H" in the 
change row we enter +x. The other changes follow from 
that. Here is the representation. 


CH,COOH = H* +CH,COO- 
Initial concentration 0.090 0 0 
Changes in —Xx x x 
concentration 
Equilibrium (0.090 — x) x (0.114 x) 
concentration = 0.090 =0.11 


For buffer solutions the quantity x will be very small, so 
it is safe to make the simplifying approximations. What 


remains, then, is to substitute the quantities from the last 
row of the table into the K, expression. 


(x)(O.11+x) _ (x)(0.11) 


~ =18x10° 
(0.090-x) (0.090) 


(0.090) x 1.8 x10" 
(0.11) 


Solving for x gives us x= =1,5x10" 


Because x equals [H"], we now have [H*]=1.5x 10° M. 
Then we calculate pH: 
pH = —log(1.5x 10~) = 4.82 
Thus, the pH of the buffer is 4.82. 


Solved Example | 10-31 | 


What is the pH of a buffer solution prepared by 30 g of 
Na,CO, in 1000 mL and 150 mL of M HCl. [K, for HCO; = 
5.63 x 10°]? 

Solution 


The reaction is represented as 


Na,CO, + HCl=NaCl+NaHCO, 


Milliequiv. before = x100 150x1 0 0 


= 283 = 150 
133 0 


reaction 
Milliequiv. after 150 


reaction 


The solution contains Na,CO, and HCO; and thus, acts 
as buffer. The pH is 


133 
= —]o9(5.63x 10") +log — 
og( )+log A 


[CO}] 
[HCO] 
= 10.249 - 0.052 = 10.197 


pH =- log K, + log 


Solved Example | 10-32 | 


What is the amount of (NH,),SO, in grams that must 
be added to 500 mL of 0.2 M NH, to yield a solution of 
pH = 9.35. (K, for NH, = 1.78 x 107)? 

Solution 

The pOH can be determined as 


[NH;] 
[NH,OH] 


(1) 


pOH = — log K, + log paid =—log K, + log 
[Base] 


as NH; is obtained from (NH,),SO,. The values of pH = 
9.35, so pOH = 14 — 9.35 = 4.65. 


Now, millimoles of NH,OH in solution = 0.2 x 500 = 100 

Let the millimoles of NH} added in solution = x. 
Then, we have [NH] = x/500 and [NH,OH] = 100/500 
= 1/5. Substituting in Eq. (1), we get 


APU 6524 fase Map 


4.65 = —log(1.78 x 10°) +1 
og )+ loge 100 


Solving, we get x= 79.51. Now, the millimoles of (NH,),SO, 


added = * = 79! _ 39755 
2 2 


Therefore, 


Ww, 
ee x 1000 = 39.755 > Weu,),s0, = 5:248 g 
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Solved Example | 10-33 | 


What volume of 0.1 M sodium formate solution should be 
added to 50 mL of 0.05 M formic acid to produce a buffer 
solution of pH = 4.0 (pK, of formic acid = 3.80)? 


Solution 


Suppose V mL of 0.1 M HCOONa be mixed to 50 mL of 
0.05 M HCOOH, then 


— O1xV 
(V +50) 


50 x 0.05 
V +50 


[HCOONa] and [HCOOH] = 


Now, pH is given by 


[Salt] 
H =—log K, +1 
pes ere eal 
or io=Seonigg YY) 
2.5/(V +50) 
or 4.0—3.8 =log (0.1)+log V —log2.5 
or 0.2 = -1—log V —0.3979 
or log V = 1.5979 => V = 39.62 mL 


Solved Example | 10-34 | 


A certain buffer solution contains equal concentration of 
xX” and HX” (K, for X” is 10°’). What is the pH of the 
buffer? 


Solution 


Given that K, for X = 10". For conjugate acid-base pair, 
we have 


19° 


-14 4 
Kyaxy X Kyya) = 10 = Kay = ot 10 
But [HX] = [X], so pH is 
[Salt] 7 
H =-log kK, +lo =-log10™ =4 
P 4, ST Acid] g 


Solved Example 10-35 | 


How much will the pH change if 0.020 mol of HCI is 
added to a buffer solution that was made by dissolving 
0.12 mol of NH, and 0.095 mol of NH,Cl in 250 mL of 
water? 


Solution 
The reaction is NH, +H,O = NH; +OH with 
[NH;][OH"] 

| ee ae | 

[NH,] 


The solution contains 0.12 mol of NH, and 0.095 mol of 
NH; from the complete dissociation of the salt NH,Cl. 
Substituting these values in mass action expression, 
we get. 


=1.8x107 


mol NH} x[OH™] _ (0.095)[OH™] 
molNH, 0.12 


which gives [OH ] gives 2.3 x 10° M. The pH is calculated 
from pOH value 


1.8x10° = 


(1) 


pOH = -log(2.3x10~) = 4.64 
pH = 14.00 — 4.64 = 9.36 


This is the pH before we add any HCI. Now, consider the 
reaction taking place when we add the HCI to the buffer. 
The 0.020 mol of HCl is completely ionized, so we add 
0.020 mol H* to react as: 


NH, (aq) + H*(aq) > NH; (aq) 


0.020 mol of H* reacts with 0.020 mol of NH, to form 
0.020 mol of NHj, thus decreasing the number of moles 
of NH, by 0.020 mol and increasing the number of moles 
of NH; by 0.020 mol. 

Equation (1) is modified accordingly with these new 
values to obtain 


_ (0.115)[OH] 
7 0.10 


which gives [OH] as 1.6 x 10° M. The pH is calculated 
from pOH value 


1.8x107 


pOH = -log(1.6x 10~) = 4.80 
pH = 14.00—4.80 = 9.20 


This is the pH after addition of the acid. Therefore, the 
change in pH = 9.36 — 9.20 = 0.16. 
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Solved Example | 10-36 | 


One liter of buffer is made by dissolving 100.0 g of ace- 
tic acid, CH,COOH, and 100.0 g of sodium acetate, 
CH,COONa, in enough water to make one liter. What is 
the pH of the solution? 


Solution 


First, we find the concentrations of the acetic acid and the 
acetate ion: 


1 1 
CH,.COOH] = (100.0 g CH,COOH)| ———. - 
ee J=¢ pe (as len 
= 1.665 M 


1 1 
CH.COONa] = (100.0 g CH,COOH)} ————. sy 
[CH art es (am len 
= 1.219M 


The reaction can be represented as 


CH,COOH = H* +CH,COO- 
Initial concentration 1.665 0 1.219 
Changes in —Xx x x 
concentration 
Equilibrium (1.665 — x) x  (1.219+ x) 
concentration 


with ionization constant as 


je 2 SO I agen 
[CH,COOH] 


_ (1.2194 x)(x) 
~ (1.665—x) 


Assume that x is small and solving for x, we get x = 2.5 x 
10° = [H’]. So, 


pH = -log[H’] =-log(2.5 x 10”) = 4.61 


Solved Example | 10-37 | 


How much will the pH change if we add 0.15 mol NaOH 
to 1.00 L of a buffer that contains 1.00 mol CH,COOH 
and 1.00 mol CH,COONa? 

Solution 


The NaOH added to a buffer solution will react with the 
CH,COOH as 


NaOH + CH,COOH > CH,COONa + H,O 


First, we calculate the amount of acid and base after the 
addition of the NaOH” 


Moles of CH,COONa = 1.00 mol CH,COONa + 0.15 mol 
CH,COONa = 1.15 mol 
Moles of CH,COOH = 1.00 mol CH,COOH - 0.15 mol 
CH,COONa = 0.85 mol 

The concentration is [CH,COONa] = (1.15/1) M and 
[CH,COOH] = (0.85/1) M. Substituting these in the pH 
expression, we get 


sap Sipe 2aaaaton 

. [Acid] 0.85 

The pH of the initial solution was 4.74 since the concen- 
tration of the acid equals the concentration of the salt. So, 


the pH change = 4.74 — 4.87 = 0.13 


Solved Example | 10-38 | 


A buffer is prepared by mixing 50.0 g of NH, and 50.0 g 
of NH,Cl in 500 mL of solution. What is the pH of this 
buffer and what will the pH change to if 5.00 g of HCl is 
then added to the mixture? 


Solution 


First, we calculate the moles of the salt and the acid, then 
calculate the pH of the solution. 


1 
Moles of NH, = (50.0 g NH,)| ——] = 2.94 mol 
epee nos Asal ces 
1 
Moles of NH,Cl = (50.0 g NH,Cl)| ——+] = 0.935 mol 
eo ee (aa ed 


The reaction is NH; — NH, + H’ for which ionization 
constant is 


K, _1.0x10™ 


K,=— = 
1.8x10 


=56x10° 
K, 


Now, pK, =-log(K,) =—log(5.6 x 10”) = 9.26. Substituting 
values in the pH expression, we get 


[Salt] 
[Acid] 


= 9.26 + log gee = 9.76 


Hepa 
Pe Pe ae 0,935 


If 5.00 g of HC! is add, the solution will become more 
acidic, the reaction then is NH, + H” > NH; 
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! ) = 0.137 mol 


Moles of HCI = (5.00 g HC)| —— 
eae (5.008 \Eaat 


10.14 | Acid-Base Titrations 


Moles of NH, = 2.94 mol NH, — 0.137 mol = 2.80 mol 
Moles of NH; = 0.935 mol + 0.137 mol = 1.07 mol 
Substituting in pH expression, we get 


~ a" * 
Ounacadamvnliucadiacc nte 
wounacagemypliusaqaiscount 


The number of moles of NH,’ will increase by this amount 
and the number of moles of NH, will decrease by this 
amount. 


[Salt] 


Hpk + is 
Pee ee al 


= 9.26 + log ae 9.67 
1.07 


Solved Example | 10-39 | 


Two buffers (X) and (Y) of pH 4.0 and 6.0, respectively, For buffer Y, 
are prepared from acid HA and the salt NaA. Both the 


buffers are 0.50 M in HA. What would be the pH of the =o; [6 =5+log [Salt] 
solution obtained by mixing equal volumes of the two [0.5] 
buffers? (Given that K,,, = 1.0 x 10°.) a rigg [Salt] _ , _, [Salt] _ 45 
[0.5] [0.5] 
Solution or [Salt]=5 M 
We know that pH= pK, +log ad When equal volumes of both the buffers are mixed, 
a Acid 
2 

For buffer X, Ail 05 Mand|sai=2" 4 7 = 2.5025 

4=5+log pai => log pal. 1 So, the pH is 

[0.5] [0.5] 

[Salt] |. 4 H=vK +1 [Salt] ere 2.5025 

sa 0 pee had oS 
= -2 

or [Salt] =5x10°M lop 5537 


10.14 | ACID-BASE TITRATIONS 


In Chapter 2, we have learnt how acid-base titrations are important component of volumetric analysis and how the 
data from these titrations can be used in various stoichiometric calculations. In performing acid-base titration, the 
titration is halted at the end point when a change in color of an indicator occurs. Ideally, this end point should occur 
at the equivalence point, when stoichiometrically equivalent amounts of acid and base have combined. To obtain this 
ideal result, selecting an appropriate indicator requires foresight. We will understand this better by studying how the 
pH of the solution being titrated changes with the addition of titrant. When the pH of a solution at different stages of 
a titration is plotted against the volume of titrant added, we obtain a titration curve. The values of pH in these plots 
can be measured using a pH meter during the titration. 


Strong Acid vs. Strong Base 


The titration of HCl(aq) with a standardized NaOH solution illus- 
trates the titration of a strong acid by a strong base. The molecular 
and net ionic equations are 


Zone 3 


End point range 4 to 10 
HCl(aq) + NaOH(aq) > NaCl(aq)+H,O 
H*(aq) + OH (aq) > H,O 
Figure 10.4 shows the plot for titration of a strong acid with a strong 
base. From the figure: 


In Zone 1 SB <SA => SASB + SA Figure 10.4 Titration curve for stron 
In Zone 2 SB = SA = SASB 9 2 
acid vs. strong base. 


In Zone 3 SB > SA = SASB + SBh tins ://telegram.me/unacademyplusdiscounts 


Volume of SB 
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At the start, before any titrant has been added, the receiving flask contains only 0.2000 M HCl. Because this is a 
strong acid, we know that 


[H*]=[HCl] = 0.2000 M 
So the initial pH is 
pH = —log(0.2000) = 0.70 


After the start but before the equivalence point we need to determine the concentration of the excess reactant 
in a simple limiting reactant problem. Let’s first calculate the amount of HCl initially present in 25.00 mL of 
0.2000 M HCl. 


25.00 mL HCI soln x —2-2000 ML HC _ 5 99x10 mol HC! 
1000 mL HCl soln 


Now suppose we add 10.00 mL of 0.2000 M NaOH from the burette. The moles of NaOH added is 


10.00 mL NaOH soln x —2:2000 mol NaOH _ 5 999.10 mol NaOH 
1000 mL NaOH soln 


We can see that we have more moles of HCl than NaOH (and the mole ratio is 1:1) so that the base neutralizes 
2.000 x 10° mol of HCl, and the amount of HCI remaining is 


(5.000 x 10° — 2.000 x 10°) mol HCI = 3.000 x 10° mol HCI remaining 


To obtain the concentration we divide by the total volume of the solution that is now (25.00 + 10.00) mL = 35.00 mL 
= 0.03500 L. The [H’] is 


_ 3.000x 10° mol 


[H*] = 8.571x10°M 
0.03500 L 
The corresponding pH is 1.07 
[H*] a MV = MV, 
Vi +V, 


At the equivalence point, we can calculate the volume of NaOH added as 


Mya X Vic: = Myson * Vraon 


(0.2000 Myc) (25.00 mL HCl) = 25.00 mL 


Vuaon (at equivalence point) = 


(0.2000 M NaOH) 
At this point we have exactly neutralized all of the acid i S 
with base and neither HCl nor NaOH are in excess. 13 -— 
The solution contains only NaCl and we have already . | 
observed that NaCl solutions are neutral with a pH = 10;- 
700. The pH at the equivalence point of all strong acid— 9} - - 
: : ; 8i- Equivalence point, 

strong base titrations is 7.00. pH > pH = 7.0 

After the equivalence point we will have an excess 6}— 
of base. As we did before, we calculate the moles of al. 
acid and the moles of base. Now the moles of base will 3 Volume of NaOH used 
be larger and we subtract the moles of acid to find the 2 to reach equivalence 
excess moles of base. This is divided by the total volume : = pol pea _ 


5 10 15 20 25 30 35 40 45 50 
Volume (mL) of 0.2000 M NaOH added 


fo) 


to obtain the [OH ] from which the pH is calculated. 
Here we follow how the pH changes during the titra- 
tion of 25.00 mL of 0.2000 M HCI with 0.2000 MNaOH Figure 10.5 Titration curve for titrating a strong acid 


(Fig. 10.5). with a strong base. 
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Weak Acid vs. Strong Base 


The calculations for the titration of a weak acid by a strong base are a bit more complex than when both the acid and 
base are strong. This is because we have to consider the equilibria involving the weak acid and its conjugate base. As 
an example, let’s do the calculations and draw a titration curve for the titration of 25.00 mL of 0.2000 M CH,COOH 
with 0.2000 M NaOH. The same four points are calculated but they use different equations. 

The molecular and net ionic equations we will use are 


CH,COOH(aq) + NaOH(aq) > CH,COONa(aq)+ H,O 
CH,COOH(aq) + OH (aq) > CH,;,COO (aq)+H,O 


Because the concentrations of both solutions are the same, and 
because the acid and base react in a one-to-one mole ratio, we know 
that we will need exactly 25.00 mL of the base to reach the equiva- 
lence point. With this as background, let us look at what is involved 


12 Zone 2 Zone 3 


in calculating the pH at various points along the titration curve. pr POON Ne) 
Figure 10.6 shows the plot for titration of a weak acid (WA) with _ 
a strong base (SB). From the figure: 
In Zone 1: WA > SB => WASB + WA (Acidic buffer) — > 
Thus, the curve will be flatter in this zone, as it will resist change Volume of SB 
in pH. 
‘ta ae 2: WA - SB >WASB Figure 10.6 Titration curve for a weak 
In Zone 3: WA < SB => WASB + SB acid vs. strong base. 


At the start the solution is simply a solution of the weak acid 
CH,COOH. We must use K, to calculate the pH. We have seen that in many situations the simplifying assumptions 
hold and the calculations are summarized as 


_[H*YICH;COO}_ O_O) _ 1 gy 195 


* ~~ [CH,COOH] — (0.2000—x) 0.2000 
x’ =3.6x10° (rounded) > x =[H*]=1.9x10" 


This result gives us a pH of 2.72. This is the pH before any NaOH is added. 

Between the start and the equivalence point, as we add NaOH to the CH,COOH, the chemical reaction produces 
CH,COO °, so the solution contains both CH,COOH and CH,COO (it is a buffer solution). Our equilibrium law can 
be rearranged to read 


[H*]= K,[CH,COOH] _ K,(mol CH,COOH) 
[CH,COO | (mol CH,COO ) 
Now all we need to do is solve a limiting reactant calculation to determine the moles of acetic acid, CH,COOH, left 
after each addition of NaOH and at the same time calculate the moles of acetate ion, CH,COO , formed. 
Let us see what happens when we add 10.00 mL of NaOH solution. The initial moles of acetic acid are 


0.2000 M CH,COOH x 0.02500 L = 5.000 x10 mol 


The moles of NaOH added are 0.2000 M NaOH x0.01000 L = 2.000 x10 mol. 


The moles of acetic acid left are 5.000 x 10° mol —2.000x 10 mol = 3.000 x 107 mol 

From the chemical equations above, the moles of NaOH added are stoichiometrically equal to the moles of acetate 
ion formed. We therefore have 2.000 x 10° mol CH,COO~. Entering the values for the K, and the moles of acetic acid 
and acetate ions we get 

_ (1.8x 10°)(3.000 x 10° mol CH,COOH, ) 


(2.000 x 10° mol CH,COO") =2.7x10° M 
: 3 


[H"] 
and the pH is 4.57 
=K MAVa - MV, 


H* ; 
ie “Va +Vp 
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At the equivalence point, all the CH,COOH has reacted and the solution contains the salt CH,COONa (i.e., we have 
a mixture of the ions Na” and CH,COO ). 

We began with 5.000 x 10° mol of CH,COOH, so we now have 5.000 x 10° mol of CH,COO™ (in 0.05000 L). The 
concentration of CH,COO is 


3 
(encoo j= 2000 xtO" mol - 94000 M 
0.05000 L 


Because CH,COO is a base, we have to use K, and write the chemical equation for the reaction of a base with water. 


CH,COO (aq) + H,O0 = CH,COOH(aq)+ OH (aq) 
K, = [OH eEseOOn! = Ky = 5.6x 190° 
[CH,COO ] K. 


a 


Substituting into the mass action expression gives 


[OH }[CH,COOH] _—@)()— MO) _ 5 gy yg 


[CH,COO"] 0.1000-(x) 0.1000 
x? =3.6x10" = x =[OH-]=7.5x 10° 


[OH ]= JK, 7 


The pOH calculates to be 5.12. Finally, the pH is (14.00 — 5.12) or 8.88. The pH at the equivalence point in this titration 
is 8.88, somewhat basic because the solution contains the Broénsted base, CH,COO . In the titration of any weak acid 
with a strong base, the pH at the equivalence point will be greater than 7. 

After the equivalence point, the additional OH’ now shifts the following equilibrium to the left: 


CH,COO (aq)+ H,O = CH,COOH(aq)+ OH (aq) 


15 
The production of OH by this route is thus sup- isc 
pressed as we add more and more NaOH solution. 112 |= 
The only source of OH that affects the pH is from aoe 
; ‘ 10}— Equivalence point, 
the base added after the equivalence point. From here 9 pH = 8.88 


on, therefore, the pH calculations become identical to 44 8;- 
those for the last half of the titration curve for HCl 
and NaOH shown above. Each point is just a mat- 
ter of calculating the additional number of moles of 
NaOH, calculating the new final volume, taking their to reach equivalence 
ratio (to obtain the molar concentration), and then point is 25.00 mL 


calculating pOH and pH (Fig. 10.7). 0 5 10 15 20 25 30 35 40 45 #50 
Volume (mL) of 0.2000 M NaOH added 


Volume of NaOH used 


O+NWKUON 


M -M 
[OH ]= MpVg~ MaVa Figure 10.7 Titration curve for titrating a weak acid with 
VatVa a strong base. 


In this titration, we follow the pH as 25.00 mL of 0.2000 M acetic acid is titrated with 0.2000 M NaOH. 


Weak Base vs. Strong Acid 


The calculations involved here are nearly identical to those of the weak acid-strong base titration. We will review what 
is required but will not actually perform the calculations. 
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If we titrate 25.00 mL of 0.2000 M NH, with 0.2000 M HCl, the molecular and net ionic equations are 
NH, (aq)+HCl(aq) — NH,Cl(aq) 


NH, (aq) + H" (aq) > NH; (aq) i 

Before the titration begins, the solution is simply a solution of the weak base, : 

NH. Since the only solute is a base, we must use K, to calculate the pH. Zone 2 
Figure 10.8 shows the plot for titration of a weak base (WB) with a strong Pe 

acid (SA). From the figure: 5 israel 
In Zone 1: WB > SA => WBSA + WB (Basic buffer) pf 
Thue, the curve will be flatter in this zone, as it will resist change in pH (it Volume of SA added 
is a buffer solution). . ae 
In Zone 2: WB = SA =WBSA Figure 10.8 Titration curve for a 
In Zone 3: WB < SA > WBSA +SA weak base vs. strong acid. 


During the titration but before the equivalence point, as we add HCl to 
the NH,, the neutralization reaction produces NH,’, so the solution contains both NH, and NH,’ (it is a buffer solu- 
tion). We do a limiting reactant calculation to determine the moles of ammonia left and the moles of ammonium ions 
produced by the addition of HCI. We use the equilibrium law to perform the calculation as we did with the weak acid. 

At the equivalence point, all the NH, has reacted and the solution contains the salt NH,Cl. We calculate the con- 
centration of ammonium ions and then use the techniques we developed to determine the pH of the conjugate acid 
of a weak base. 

After the equivalence point, the H* introduced by further addition of HCI has nothing with which to react, so it 
causes the solution to become more and more acidic. The concentration of H’ calculated from the excess of HCl is 
used to calculate the pH. Figure 10.9 illustrates the titration curve for this system. 


Titration Curves for Diprotic Acids 


When a weak diprotic acid such as ascorbic acid (vitamin C) is titrated with a strong base, there are two protons 
to be neutralized and there are two equivalence points. Provided that the values of K,, and K,, differ by several 
powers of 10, the neutralization takes place stepwise and the resulting titration curve shows two sharp increases 
in pH. We would not perform the calculations here, because they are complex, but instead just look at the general 
shape of the titration curve, which is shown in Fig. 10.10 As each equivalence point is reached, there is a sharp rise 
in the pH. 


15 
14/- 
13}- Second 
12-— equivalence point 
11 A2- 
10 
9 
pH 7 a i 
6 Equivalence point, pH 
5= pH = 5.12 HAR 
4 |— 
3. Volume of HCI used First 
2h to reach equivalence bativelence pont 
1}- point is 25.00 mL. HA a P 
% 5 10 15 20 25 30 35 40 45 £50 
Volume (mL) of 0.2000 M HCI added Volume of base added —> 
Figure 10.9 Titration curve for the titration of a weak Figure 10.10 Titration of a diprotic acid, 
base with a strong acid. Here we follow the pH as H.A, by a strong base. 


25.00 mL of 0.2000 M NH, is titrated with 0.2000 M HCl. 
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10.15 | THEORY OF INDICATORS 


Indicators change color over a narrow range of pH values, as shown in Table 10.5. 


Table 10.5 Common acid-base indicators 


Indicator Approximate pH range over which the color changes Color change (Lower to higher pH) 
Methyl green 0.2-1.8 Yellow to blue 
Thymol blue 1.2-2.8 Yellow to blue 
Methyl orange 3.2-4.4 Red to yellow 
Ethyl red 4.0-5.8 Colorless to red 
Methyl purple 4.8-5.4 Purple to green 
Bromocresol purple 5.2-6.8 Yellow to purple 
Bromothymol blue 6.0-76 Yellow to blue 
Phenol red 6.4-8.2 Yellow to red/violet 
Litmus 4.7-8.3 Red to blue 

Cresol red 70-8.8 Yellow to red 
Thymol blue 8.0-9.6 Yellow to blue 
Phenolphthalein 8.2-10.0 Colorless to pink 
Thymolphthalein 9.4-10.6 Colorless to blue 
Alizarin yellow R 10.1-12.0 Yellow to red 
Clayton yellow A PENS) Yellow to amber 


Working of Indicators 


Most dyes that work as acid-base indicators are also weak acids. Therefore, let’s represent an indicator by the formula 
HIn. In its un-ionized state, HIn has one color. Its conjugate base, In’, has a different color, the more strikingly differ- 
ent the better. In solution, the indicator is involved in a typical acid-base equilibrium: 


HIn(aq) = H*(aq)+ In (aq) 
Acid form Base form 
(one color) (another color) 


The corresponding acid ionization constant, K,,, is given by 


_[H*]UIn'] 
 [HIn] 


In a strongly acidic solution, when the H’ concentration is high, the equilibrium is shifted to the left and most of the 
indicator exists in its “acid form”. Under these conditions, the color we observe is that of HIn. If the solution is made 
basic, the H* concentration drops and the equilibrium shifts to the right, towards In’, and the color we observe is that 
of the “base form” of the indicator. 

The observed change in color for an indicator actually occurs gradually over a range of pH values. This is because 
of the human eye’s limited ability to discern color changes. Sometimes a change of as much as 2 pH units is needed for 
some indicators—more for litmus—before the eye notices the color change. This is why tables of acid-base indicators, 
such as Table 10.6 provide approximate pH ranges for the color changes. 

In a typical acid-base titration, you have seen that as we pass the equivalence point, there is a sudden and large 
change in the pH. For example, in the titration of HCl with NaOH described earlier, the pH just one-half drop before 
the equivalence point (when 24.97 mL of the base has been added) is 3.92. Just one drop later (when 25.03 mL of base 
has been added) we have passed the equivalence point and the pH has risen to 10.08. This large swing in pH (from 
3.92 to 10.08) causes a sudden shift in the position of equilibrium for the indicator, and we go from a condition where 
most of the indicator is in its acid form to a condition in which most is in the base form. This is observed visually as a 
change in color from that of the acid form to that of the base form. 
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Solved Example | 10-40 | 


An indicator is a weak acid and pH range of its color is 
3.1 to 4.5. If the neutral point of the indicator lies in the 
center of the hydrogen ion concentrations corresponding 
to the given pH range, what is the ionization constant of 
the indicator? 


Solution 


We know that 
pH =-log[H’] => log[H’] =—pH => [H’] = antilog(—pH) 
For pH =3.1, _ 

[H"], = antilog (—3.1) = antilog (4.9) = 7.94x 107 
For pH = 4.5, 

[H’], = antilog (-4.5) = antilog (5.5) = 3.16x 10° 
Since neutral point lies at the center of the hydrogen ion 
concentration in the given pH range, hence [H’] at the 
neutral point is 


_ 7.94x 107 + 3.16107 
7 2 


=413x107°M 


Let the indicator be [HIn] that behaves as a weak acid, 
then HInt+ H,O = H* +In 
The ionization constant of the indicator K,, is 


_[H*][In"] 
" [HIn] 


But at neutral point [In] = [HIn], so K,, =[H*]=4.13x 
10°M. 


Solved Example | 10-41 | 


A solution contains Na,CO, and NaHCO,. 10 mL of solu- 
tion requires 2.5 mL of 0.1 M H,SO, for neutralization 
using phenolphthalein as an indicator. Methyl orange 
is then added when further 2.5 mL of 0.2 M H,SO, was 
required. Calculate the amount of Na,CO, and NaHCO, 
in one liter of the solution. 


Solution 


The use of phenophthalien indicates half-neutralization. 
The reaction involved is 


Na,CO, +H* — NaHCO, +Na* 


In case of methyl orange there is complete neutralization, 
so the reaction is 


NaHCO, + H* > Na*+CO, +H,O 


Volume of 0.1 M H,SO, for complete neutralization = 
2x2.5=5.0 mL. 

Now, since H,SO, is a dibasic acid, 0.1 M of H,SO, = 
0.2 N H,SO, and equivalent weight of H,SO, = 49. 

We know that N,V, (Na,CO,) = N,V, (H,SO,) 


Ostwald and Quinoid Selection of Indicators 


Substituting values, we get 


0.2x5 | 


N,x10=0.2x5>N, = 0.1N 
Equivalent weight of Na,CO, = 106/2 = 53, therefore, 
strength of Na,CO,=53x0.1=5.3 gL" 
Now, for neutralization with methyl orange 0.2 M H,SO, 
is used = 2.5 mL of 0.4 N H,SO, 
From N,V, = N,V,, we have 0.2NxV=25x04N>5 
V=SmL 

Now, from this 5 mL of H,SO,, 2.5 mL was used 
for half neutralization of Na,CO,, so the volume left to 
neutralize NaHCO, formed after half neutralization of 
Na,CO, is 5.0 — 2.5 =2.5 mL. 
Now, using N,V, (NaHCO,) = N,V, (H,SO,), we have 


=0.05 N 


N xios0ax2ssn, <2" _— 


Equivalent weight of NaHCO, = 84, so strength = 84 x 
H05=4.7 21", 


Two theories were proposed for selection of indicators. These are discussed as follows: 


1. Ostwald theory: According to this theory, the acid-base indicator shows different color in ionized and unionized 
forms. The indicator is either a weak acid or a weak base. If it is a weak acid, then its ionization is faster in presence 
of alkalis and slower in presence of acids sue to common ion H”*. If it is a weak base then its ionization is faster in 
acids and slower in alkalis due to common ion OH .The color change in an indicator appears when it is about 50% 
dissociated. This theory can be illustrated with the help of following two commonly used indicators in acid—base 


titrations: 
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(a) Phenophthalein: It is an acid and can be represented as HPh. Its ionization can be represented as 


HPh =H*+ Ph 
(Colorless) (Pink) 
From law of mass action, we have 
_ [H'}[Ph"] 
© [THPh] 


In the presence of acid, the dissociation is almost negligible due to common ion H*. So, the equilibrium shifts 
towards left and no color change is observed. However, when alkali is added, the OH ions remove the excess 
H’ ions and shift the equilibrium to the right, thereby increasing the concentration of pink Ph’ ions. The 
Henderson equation can be derived for the indicator as follows. First, we represent the reaction as shown 
below to indicate the conjugate acid—base pairs: 


HPh+H,O= H* + Ph 
Acid Base Conjugate Conjugate 


acid base 
The ionization constant of indicator is 
x, = Pee) 
[HPh] 

or (H*]= K,, x @aeo 

[Ph] 

7 HPh 
pH = —log,,[H*]=—log,,[K,,]—log,, Tr] 


[Ph] 
H=pK,, +lo 
p PAI S10 [HPh] 


This is the Henderson equation for phenophthalien. Now, at the equivalence point, we have [Ph ] = [HPh] 
and pH = pK,,. 


(b) Methyl orange: It is a very weak base. It is ionized to give Me* and OH ions. The reaction is as follows: 


MeOH = Me*+OH™ 
Yellow Red 
The ionization constant is 
[Me* |[OH] 
[MeOH] 


Thus, in the presence of acid, the OH ions are removed and the equilibrium shifts to the right, thereby 
increasing the concentration of Me* and imparting red color to the solution. By adding alkali, the concentra- 
tion of OH ions increases, and the equilibrium shifts to the left, thus ionization of MeOH reduces, and when 
it stops altogether, yellow color appears. 


Note: Phenophthalein is not a good indicator for titrating weak base against strong acid, as the OH” 
released by the weak base into the solution are not enough to shift the equilibrium to the right, thus the 
solution is not basic enough for pink color to appear. Similarly, methyl orange is not a good indicator in 
titration of weak acid against strong base. 


2. Quinonoid theory: According to this theory, acid-base indicators are aromatic organic compounds that can exist 
as tautomers in equilibrium with each other. One of the tautomers is in quinonoid form while the other is in 
benzenoid form. 
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a — cs CH= CH 
at Nae _ 
\ # \ w 
CH=CH CH= CH 
Benzenoid form Quinonoid form 


One of the forms is generally more stable in acidic medium and the other in basic medium, so inter-conversion 
between the two forms takes place with change in pH. This change is reflected as change in color of the solu- 
tion because the quinonoid form generally has deeper color than the benzenoid form. 

Let us again consider the examples of phenolphthalein and methyl orange. 


(a) Phenolphathalein: It exists in benzenoid form in acidic medium and is colorless and changes to quinonoid 
form in alkaline medium which has pink color. 


og COO 
Benzenoid form Quinonoid form 
(stable in acid, (stable in alkali, 


colorless) pink in color) 


(b) Methyl orange: It exists in benzenoid form in alkaline medium and is colorless or yellow in color. In acidic 
medium, the quinonoid form with red color is more stable. 


CH, 
CH, 


Benzenoid form 
(stable in alkali, coloriess or yellow) 


| 
“08 KDI 


Quinonoid form 
(stable in acid, red in color) 


10.16 | SOLUBILITY EQUILIBRIA OF SPARINGLY SOLUBLE SALTS 


Solubility is defined as the concentration of a saturated solution of a solute in a given solvent at a particular tempera- 
ture. It depends on the nature of the solute and solvent, and the temperature and pressure conditions. Different ionic 
solids (salts) show different solubility in water. Some salts are very soluble and can even absorb moisture from the air. 
These are said to be hygroscopic and are generally used for drying solids or for removal of moisture from solvents. 
Calcium chloride is an example. Some salts, such as lithium fluoride have little solubility in water and are practically 
considered insoluble. The solubility of an ionic solute in water or any other solvent is determined by two competing 
energy considerations: 


1. Lattice enthalpy, which holds the oppositely charged ions together in the salt. 

2. Solvation enthalpy, which is the energy released on solvation of ions in solution. 
For a salt to dissolve in solution, the strong forces of attraction between ions must be overcome by the energy released 
on their solvation. The solvation energy is determined by the nature and polarity of the solvent. Polar solvents have 
high energy of solvation and are hence able to overcome the lattice enthalpy of the ions in the solid. Non-polar (cova- 


lent) solvents have low solvation enthalpy that does not compete favorably with the lattice enthalpy, hence ionic solid 
are insoluble in non-polar solvents. Based on solubility of salts, they can be classified as: 
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Soluble Solubility > 0.1 M 
Slightly soluble 0.01 M< Solubility < 0.1 M 
Sparingly soluble Solubility < 0.01 M 


A large number of ionic solids fall into the category of being sparingly soluble in water. A small amount dissolves in 
water and once the solution is saturated, an equilibrium is established between undissolved salts and its ions in the 
solution. 


Solubility Product Constant 


When AgCl is placed in water, a very small amount of it dissolves in water and we say that the salt is sparingly soluble 
in water. Once the solution has become saturated, the following equilibrium is established between the undissolved 
AgCl and its ions in solution. 


AgCl(s) = Ag*(aq)+Cl (aq) 


This is a heterogeneous equilibrium because it involves a solid reactant (AgCl) in equilibrium with ions in aqueous 
solution. At equilibrium, the solute continues to dissolve at a rate that exactly matches the backward process. Such a 
solution is a saturated solution, wherein the dissolved and undissolved solutes are in equilibrium with each other. The 
solubility of a substance in a solvent is the concentration in the solution. 

We can write the equilibrium law as follows. Applying law of mass action to the above reaction, we get 


[Ag ][CI ] 
[AgCl] 


As the amount of AgCl in contact with saturated solution does not change with time, so the factor [AgCl] remains 
constant. Thus, 


<= Or) (10.31) 


The equilibrium constant, K,,, is called the solubility product constant (because the system is a solubility equilibrium 
and the constant equals a product of ion concentrations). It equals the ionic product of a saturated electrolyte solution. 
Ionic product is the reaction quotient (Q) for the equilibrium. At equilibrium, ionic product = solubility product. 

It is important to understand the distinction between solubility and solubility product.The solubility of a salt is the 
amount of the salt that dissolves in a given amount of solvent to give a saturated solution. The solubility product is the 
product of the molar concentrations of the ions in the saturated solution, raised to appropriate powers. 

In general, consider the dissociation of any sparingly soluble electrolyte, A,B, 


A,B, = xA” + yB™ 
Applying the law of mass action, we get 


[AT IBS? 


[A,B, | 
In saturated solution, [A,B,]= constant = K’ 
Thus, [A’* [B= K[A,B,]=KK’=K,, 


where [A”’] and [B* ] are the ionic concentrations in a saturated solution. Thus, the solubility product of an electrolyte 
may be defined as 
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The maximum product of the concentrations of the constituent ions each raised to the power equal to its ions present 
in the equation representing the solution of one molecule of the electrolyte. 

For a saturated solution, the ionic product is equal to the solubility product. However, for an unsaturated solution, 
the ionic product is less than the solubility product; and for a supersaturated solution it is more than the solubility 
product. 

Solubility of a solute is expressed as moles of solid solute dissolved per liter of solution and is represented as S. 
For example, for the reaction 


AgCl(s) = Ag* (aq) + Cl (aq) 


If S is the solubility of AgCl, then the equilibrium concentrations of Ag* and Cl are [Ag*] = S mol L™ and [CI] 
= § mol L”. Substituting the values in the expression for solubility product, we get 


a = -1 -1 2 272 
K,, =[Ag’ [Cl ]=[S mol L”][S mol L”]=S° mol’L 
In general, consider the general form of electrolyte A,B, which dissociates as 
A,B, = x[A”"]+ y[B™ ] 
Therefore, K,, =[A’}'[B’ 


Let S mol L" be the solubility of the electrolyte, then concentration of the ions is 
[A’*]=xS mol L” and [B*-]= yS mol L 
Substituting the values of [A’"] and [B*] in the above equation, we get 


ks ee xy es? 


Therefore, solubility can be given by 


i Ke I/x+y 
Sty =? _ a Sa : (10.32) 
ESS 


When the concentrations of one or more terms does not correspond to the equilibrium concentration, the term K,, 
can be replaced by Q,,. 

The solubilities of salts change with temperature, so a value of K,, applies only at the temperature at which it was 
determined. Some typical K,, values are given in Table 10.6. 


Table 10.6 Typical K,, values for some salts 


Type Salt lons of salt K,, (25°C) Type Salt lons of salt K,, (25°C) 
Halides CaF, = Ca 2b, 3.9x 10" Carbonates SrCO, eS CC amo lh. 
AgCl = Apacer 1.8 x 10° BAGO, -=S Ba CO; 50x 107 
AgBr —= Ag'+Br 5.0x 10" CoO wee eon CO. 1.0x 10° 
Agl See Ara Banat NiCO, <= Ni*+COF 13x10" 


(Continued) 
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Table 10.6 (Continued) 


Type Salt lons of salt K,, (25°C) Type Salt lons of salt K,, (25°C) 
PbF, = Pb* + 2F 3.6 x 10° ZnCO, = Zn* + COF 1.0x 107° 
PbCl, —=  Pb*+2Cr 17x10 Chromates Ag,CrO, = s 2Ag*+CO; 1A ior 
PbBr, = Pb* + 2Br 2.1 10° PbCrO, = Pb* + COZ 18x10" 
PblI, Eee ip 79x 10° Sulphates CaSO, — Ca*+SO7 2.4 x10° 

Hydroxides Al(OH), =. Al*+30H” 250 SrSO, =) Sr 4807. sive ait 
Ca(OH), = Ca*+2O0H 65x10° BaSO, = Ba* + SO; iLisio 
Fe(OH), ~—s Fe 4+20H 79x10* PbSO, — 2 SO 4 6.3 x10" 
re(Ob) = Fe*+30H 16x10” Oxalates CaSO, sax FCO, 23 x10" 
Mg(OH), =s Mg*+2O0H = 71x10 MgC,O, = Mg*+C,07 86x10" 
Zn(OH), 2S 82 220K. 3.0. 105° BiGOn = Be CO, 12107 

Carbonates Ag,CO, <= s 2Ag*+COV 81x10" FeC Ose CO, 21 x iby 
MgCO, = Mg*+CO? 35x10" POCO.) ese Pb CO 27100" 
CaCO, = Ca"+COF 45x10” 


Relation with lonic Product 


For a salt solution at a specified concentration, the product of the concentration of the ions, each raised to the appro- 
priate power, is called as the ionic product for a saturated solution in equilibrium with excess of solid. 

1. If ionic product = solubility product, the solution is in equilibrium. 

2. If ionic product < solubility product, the solution is unsaturated and more salt can be dissolved in it. 


3. If ionic product > solubility product, then the solution is containing more salt than it can dissolve, therefore, pre- 
cipitation starts and continues till ionic product becomes equal to solubility product. 


Calculation of Solubility of Salts 


1. K,, can be determined from molar solubilities: Molar solubility equals the number of moles of the salt dissolved in 
one liter of its saturated solution. The molar solubility can be used to calculate the K,, under the assumption that 
all of the salt that dissolves is 100% dissociated into ions implied by the salt’s formula. 


2. Molar solubility can be calculated from K,; The equilibrium concentrations can be calculated algebraically by 
defining an unknown x as the molar solubility of the salt and making substitutions in expression for K,. 


The solubilities of some salts under various conditions are calculated as follows. 


1. Consider solubility of AgCl various solutions. 


(a) Solubility in water: The reaction at saturation point is 
AgCl(s) = Ag'(aq) + CI (aq) 
If the solubility of the salt is S mol L", then [Ag’] = S M and [CI] =S M 


So, K,=S => S=fK,, =V10° = 0.00316 mol L*. 


sp 
(b) Solubility in a solution that is having 0.1 M in AgNO,:The reaction at saturation point is 
AgCl(s) = Ag'(aq) + CI (aq) 
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The K,, of AgCl= 10°. If AgCl dissolved in pure water, its solubility would have been 10° M. However, in the 
presence of 0.1 M AgNO,, the solubility of AgCl decreases due to common ion effect. Therefore, [Ag’] from 
AgCl would be less than 107 M and can be ignored. 


Let the solubility of AgCl be S, mol L" in the presence of 0.1 M AgNO,, then [Ag*] = 0.1 M and [CI] =S, M, 
or 


K 
S,=—*2=10°mol L" 
0.1 


2. Consider solubility of CH,COOAg in various solutions. 


(a) Solubility in water: Since CH,COOAsg is a salt of weak acid and strong base, it would hydrolyze in water. If 
the solubility of the salt is x mol L™ then we have 


CH,COOAg(s) = CH,COO (aq) + Ag” (aq) 
x-y x 


At equilibrium, the reaction is ©CH,COO (aq)+H,O = CH,COOH(aq) + H" (aq) 
x-y y x 


where y is the amount of CH,COO ion that is hydrolyzed. The solubility product is 


K,, =(x-y)x 
2 
and Aa Ky 
(x-y) K, 


Knowing the values of K,, and K,, solubility of the salt can be calculated. 
(b 


—_— 


Solubility in an acid buffer of pH =4 (assuming that the buffer does not have any common ion by CH,COOAg): 
It was found that CH,COOAg dissolves, reaches equilibrium, and then gets hydrolyzed. If the solubility of the 
salt is x, M in this solution, then we have 


CH,COOAg(s) = CH,COO (aq) + Ag* (aq) 
pt xy 


4-Yy 


At equilibrium, the reactionis CH,COO (aq) +H,O = CH,COOH(aq) + OH (aq) 
XY, Vy 10-10 


where y, the extent to which it is hydrolyzed. Since the solution is a buffer, the pH will be maintained. The 
solubility product is 


K,, = (x,- yx, 


-10 
and es 


(x,-y,) K, 


Knowing K,, and K,, the solubility can be calculated. 


—_~ 
is) 
— 


Solubility of CH,COOAg in an buffer solution of pH = 9: Following the same steps as in the points above, and 
considering solubility of the salt is x, M in this solution we get 


CH,COOAg(s) = CH,COO (aq) + Ag* (aq) 
Xy—Y. Xy 


2 


At equilibrium, the reaction is CH,COO (aq) +H,O0 = CH,COOH(aq) + OH (aq) 
Xy—-Vo a) 10+ 


where y, the extent to which it is hydrolyzed. Since the solution is a buffer, the pH will be maintained. The 
solubility product is 
Ke = (X, — yp) Xp 
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5 
and aes 
(x, _ y2) K, 
Knowing K,, and K,, the solubility can be calculated. 
3. Simultaneous solubility: Consider the following example 
ne) = ne cr (K,cagcy ) 


AgBr = Ag*+ Br (K capa) 


S548; Sy 
Therefore, 
Ky agen = (S, + S,)(S;) 
Ky agen) a (S, a S; ) (S, ) 
Therefore, 


S, +S, = a Kyvagc) oe Ky agpr) 


- Kyvascy 
S; 
ae + Ky agpr) 
Ss. = Ky agen 


- « Reataces + Ky cagpr) 


4. Complexation equilibrium: Solubility in an aqueous solution containing NH,: Let the amount of NH, initially be 
aM. If the solubility of the salt is x mol L"', then we have 


AgCl(s) = Ag’ (aq) + Cl (aq) 
x-y x 


At equilibrium, the reaction is 
Ag’ (aq)+ 2NH; (aq) =[Ag(NH;),]" (aq) 
x-y a-2y y 


where y is the amount of Ag* which has reacted with NH,. The solubility product is 
K, = (x- y)x 


and cd >= K, 
(x-y)(a-2y) 


where K, is the formation constant [Ag(NH,),]". Knowing the values of K,, and K,, solubility of the salt can be 


calculated. 
Solved Example | 10-42 | 
If 10° mol of Cu**, Co* and Ag® are provided, calculate [Co(NH,),??* = Co” +6NH kk... =4x 10° 
the amount of NH, required to be added to 1 L of the oe : i‘ ne ' 
solution of each in order to lower the uncomplexed metal [Ag(NH;),]’ = Ag’ +2NH, Kings = 9% 107 
ion to 10% M. 
Given: Solution 
[Cu(NH,), ?* = Cu2* +4NH k... =10-” After the addition of ammonia, final concentration of 
3/4 x 3 inst,1 ~~ 


each ion should be [Cu™] = [Co] = [Ag*] = 10*M 
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Therefore, Therefore, [NH,] in Co™ solution = 2.67 x 10 M 
[Cu(NH,),P* =[Co(NH,),}* =[Ag(NH,),} c. <6x10* - Ag INEGI 
2 inst,3 + 
=10°-10~ [Ag(NH;),] 
6 10° _ (10*)[NH,} 
Since, all the complexes are formed completely from the a ~~ (9x10") 
ions reacted 
kk... =102 = [NH, ]*[Cu™] Therefore, [NH,] in Ag* solution = 735 x 10M 
inst,1 2+ 
[Cu(NH;),] Actual NH, to be added = Free NH, + Combined NH, 
12 [NH,]* (10) 2+ y —3 -4 
0% =——__— NH, to be added to Cu™ solution = 1.73 x 10°+4(9 x 10~) 
(9x10™) = 5.33 x 10°M 
Therefore, [NH,] in Cu* solution = 1.73 x 10° M NH, to be added to Co” solution ee x oe x 10") 
= 2.72 x 107 
Kige> = 4x10 = [CoM INH, NH, to be added to Ag’ solution =735 x 10*+2(9 x 10“) 
we [Co(NH;),]}** = 2.535 x 10°M 
3/6 
-4 6 
4x 10> = (10 INH] 
(9x10) 


Solved Example | 10-43 | 


The solubility of thallium(I) iodide, TI, in water at 20°C 
is 5.9 x 10° g L". Using this fact, calculate K,, for TI on 
the assumption that it is 100% dissociated in the solution. 


Moles of TII = 5.9 x 10° o( | = 1.78 x 10° mol 


331.3 
_ 178x107 mol 


Concentration of [TI] = [I] = 1.78 x 
10°M Mi 
sannicn Therefore, K,, = [TI'] [I] = (1.8 x 10°)(L8 x 10°) 
The reaction involved is TII(s) = TI’(aq) + I'(aq) =32x10 


Solved Example | 10-44 | 


What is the calculated molar solubility in water at 25°C of (b) The reaction is 
(a) AgBr and (b) Ag,CO,? : " 
Ag,CO,(s)=2Ag'(aq)+CO; (aq) 


a Initial concentration x 0 0 
(a) The reaction is Equilibrium 1-x oe . 
concentration 
AgBr(s) = Ag’ (aq)+Br (aq) 
Initial concentration x 0 0 Substituting the above values for equilibrium 
Equilibrium concentration 1-x x x concentrations into the expression for K,, gives: 
Substituting the above values for equilibrium con- K,,=8.1x 10°? =[Ag*}? [CO™"] 


centrations into the expression for K,, gives: 
= (2x)(x) and 4x? = 8.1 x 10°” 


K,,=5.0x 10°? = [Ag*][Br ] = (x)(x) “1273 
: ar = [eee] =1,3x107 
or x=¥5.0 x 10° =7.1x107 


Thus, the molar solubility is 1.3 x 10*M Ag,CO,. 
Thus, the solubility is 71 x 107’ M AgBr. 
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Solved Example | 10-45 | 


Calculate the molar solubility of Fe(OH), in a solution 
where the OH concentration is initially 0.050 M. Assume 
the dissociation of Fe(OH), is 100%. 


Solution 


The reaction is 


Fe(OH),(s) = Fe** (aq) + 30H (aq) 
Initial concentration x 0 0 
Equilibrium 1-x x 
concentration 


0.050 + 3x 


Substituting the above values for equilibrium concentra- 
tions into the expression for K,, gives: 


K,, = 1.6 x 10° = [Fe*] [OH = (x)[0.050 + 3x} 


We try to simplify by making the approximation that 
(0.050 + 3x) ~ 0.050: 


1.6 x 10° = (x) (0.050)? => x =1.3 x 10° 


Clearly the assumption that (0.050 + 3x) = 0.050 is jus- 
tified. Thus 1.3 x 10° M of Fe(OH), will dissolve in a 
0.050 M sodium hydroxide solution. 


Solved Example | 10-46 | 


The [Ag’] ion in a saturated solution of Ag,CrO, at 25°C 
is 1.5 x 107% M. What is the K,, of Ag,CrO, at 25°C? 


Solution 


For saturated solution of Ag,CrO,, if solubility is S mol L™. 
Then, 


AgCrO,(s) = 2Ag*(aq)+ CrO; (aq) 
28 Ss 


AgCrCO, (s) = 2Ag* (aq) + CrO7 (aq) 
The solubility product is K,, = [Ag’] [CrO;] = (2S)? (S) 
=45° 
Given that [Ag*] = 25 = 15 x 10* = S = 0.75 x 10%. 
Substituting in the above expression, we get 


K,,= 4(0.75 x 10“)* = 1.688 x 10°? mol’ L* 


Solved Example | 10-47 | 


A 100.0 mL sample is removed from an aqueous solution 
saturated with CaSO, at 25°C. The water is completely 
evaporated from the sample and a deposit of 0.24¢ 
CaSO, is obtained. Calculate the K,, for CaSO, at 25°C. 


Solution 


The reaction is CaSO,(s) = Ca** (aq) + SO} (aq). Given 
that the solubility of CaSO, is 0.24 g per 100 mL. Now, 


Effect of Common lon on Solubility 


[CASO Jae el 1 
100 136 
= 0.01765 M 
So, [Ca*] =[SO2-] = 0.01765 M 


Substituting in K,, expression, we get 


K,, =[Ca?*][SO? ] = (0.01765)? = 3.115x 10. 


The presence of a common ion in the solution decreases the solubility of a given substance. For example, the solubility 
of BaSO, in Na,SO, solution is smaller than that in an aqueous solution. The following two examples are discussed to 
bring in more clarity on the effect of common ion on solubility. 


1. Consider saturated solution of AgCl. Ifa salt having either of the ion common to AgCl say KCl is added to it, then 


the reaction at equilibrium are 


AgCl(s) = Ag*+ Cl 
KCl) 3K SCi- 
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For AgCl, the solubility product is K,, = [Ag*][C1']. We see that [CI] increases in solution due to presence of KCl. 
To keep the solubility product constant, [Ag’] needs to decrease or AgCl needs to precipitate out from solution, 
that is, solubility of AgCl will decrease with increasing concentration of KCl in solution. If a 0.1 M solution of KCl 
is added to AgCl solution of solubility § mol L", then, for AgCl 


K,, = [Ag*][Cr] = S(S + 0.1) 


as S < 0.1, it may be neglected, therefore, we have 


~ 


= — 
K,,=S x01 > Sy. = 01 


2. Suppose that we stir some lead chloride (a compound having a low solubility) with water long enough to establish 
the following equilibrium. 


PbCl, (s) = Pb** (aq) + 2CI (aq) 


If we now add a concentrated solution of a soluble lead compound, such as Pb(NO,),, the increased concentra- 
tion of Pb* in the PbCl, solution will drive the position of equilibrium to the left, causing some PbCl, to pre- 
cipitate. The phenomenon is simply an application of Le Chatelier’s principle, the net result being that PbCl, is 
less soluble in a solution that contains Pb* from another source than it is in pure water. The same effect is pro- 
duced if a concentrated solution of a soluble chloride salt such as NaCl is added to the saturated PbCL, solution. 
The added CI will drive the equilibrium to the left, reducing the amount of dissolved PbCL,. This phenomenon 
can be described as an example of common ion effect, where Pb” is the common ion when we add Pb(NO,), and 
CI is the common ion when we add NaCl. The common ion effect can dramatically lower the solubility of a salt, 
even a relatively soluble salt, NaCl, can be forced out of its saturated solution simply by adding concentrated 
hydrochloric acid, which serves as a source of the common ion, CI. 


If we know the anticipated concentrations of the ions of a salt in a solution, we can use the value of K,, for the salt to 
predict whether or not a precipitate should form. This is because the computed value for Q (the ion product) can tell 
us whether a solution is unsaturated, saturated or supersaturated. For a precipitate of a salt to form, the solution must 
be supersaturated. 

If the solution is unsaturated, its ion concentrations are less than required for saturation, Q is less than K,,, and 
no precipitate should form. For a saturated solution, we have Q equal to K,,, and no precipitate will form. (If a pre- 
cipitate were to form, the solution would become unsaturated and the precipitate would redissolve.) If the solution is 
supersaturated, the ion concentrations exceed those required for saturation and Q is larger than K,,. Only in this last 
instance should we expect a precipitate to form. This can be summarized as follows. 


Precipitate willform Q>K,, Supersaturated 
No precipitate Q=K,, Saturated 
Q<kK,, Unsaturated 


Solved Example | 10-48 | 0-48 


The solubility product of AgCl at 25°C is 1.8 x 107°. What K,, = [Ag‘] [ClI]=SxS 
is the solubility of AgCl in (a) pure water, (b) 0.1 M 


AgNO, and (c) 0.01 M NaCl? Therefore, solubility = S = (K,)”’ =(18x10"" 
B ; ? 


= 134x10° mol LD 
Solution 


Let solubility of AgCl be S mol L™. 


(b) The reactions involved are 


AgCl(s) = Ag* cl 
(a) The reaction involved is AgCl(s) = Ag*(aq) eCl(s) § ad (aa) 
+Cl (aq). The solubility product is given by AgNO, (s) = Ag* (aq) + NO; (aq) 
0.1 0.1 
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Therefore, the solubility product is K,, =[Ag"][Cl] = AgCl(s) = Ag* (aq)+ CI (aq) 
(0.1 + S) (S). S Ss 
S < 0.1 as the presence of common ion decreases merce: 2 
solubility. So, we have Nach) = Na @ a + CF ow) 

S(0.1) =1.8x10"" > S=1.8x10° molL* The solubility product is K,, = [Na*][CI] = (0.01 + S) (S). 
Therefore: 8 = 1.5. S < 0.01 as the presence of common ion decreases solu- 


: : bility. So, we have 
(c) The reactions involved are y 


S(0.01) = 1.8x10" > §=1.8x10™ mol L" 


Solved Example | 10-49 | 


The solubility product of SrF, in water is 8 x 10°, then Solution 
ss wey acy 
what is its solubility in 0.1 M NaF aqueous solution? We know that Ky, = [Sr] [FP = 8x 10° = s[28 + 0.1F 


_ 8x10" 


= —=8x10°M 
(0.1) 


Thus, S 


Solved Example | 10-50 | 


The K,, for barium oxalate, BaC,O,, is 1.2 x 10” and for H,C,O, dissociates as follows: 

oxalic acid, H,C,O,, K,,=5.6 x 10° and K,, =5.4x 10”. Ifa 

solution containing 0.10 M H,C,O, and 0.050 M BaCl, is pre- H,C,O, = H°+HC,O; K,,=5.6x 107 

pared, what must the minimum H* concentration be in the HC,O, = H'+C,0? K,,=5.4x10° 

solution to prevent the formation of a BaC,O, precipitate? 

(Hint: Work with a combined K, expression for H,C,O,.) H,C,O, = 2H*+C,0?7,_  K,=(5.4x 10°) x (5.6 x 10°) 


=3.0x 10° 
Solution Now, [H,C,O,] = 0.10 (given) and [C,O7] = 2.4 x 10° M, 
ls : so we have 
The reaction involved is 3 Me 2 7 
BaC,O,(s) = Ba”*(aq) + C,O7 (aq) K, =3.0x10° = EO cs ] oie ass 10 ) 
with K,, = 1.2 x 107 = [Ba™][C,O?]. [H2C,04] ot) 
Given that [Ba™’] = 0.050 M, so we have we get [H*] =3.54 x 107M 


This is the minimum concentration of H* that will 
1.2 x 10°’ = (0.050) [C,O7] = [C,O7] = 2.4 x 10° M prevent the formation of BaC,O, precipitate. 


Effect of Hydrolysis on Solubility 
Consider the following hydrolysis reactions for CH,;COOAg 


CH,COOAg = CH,COO + Ag* 
CH,COO- +H,O = CH,COOH + OH” 


Here, [CH,COO ] is consumed in the second reaction. Therefore, the equilibrium of first reaction should shift in the 
forward direction according to the Le Chaterlier’s principle. Thus, the solubility should increase on hydrolysis. 
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Effect of pH on Solubility 


It is possible to alter the solubility of some substances, particularly salts of weak acids, by controlling the pH of the 
solution. As the pH is lowered, the concentration of anion is lowered due to its protonation which in turn increases 
the solubility of the salt to bring back K,, = Q,,. We, thus, need to consider two equilibria for the weak acid HX and its 
salt MX. The solubility product is 

Ky =[M'][X"] 


The reaction involved is 


HX(aq) = H’'(aq) + X (aq) 


x IE 
* [HX] 
Therefore, dele Ka 
[HX] [H"] 
Taking inverse of both sides and adding 1, we get 
te: ow lay 
[Xx] K, 
- [HX]+[X-] _[H}+K, 
[x7] a 
Taking reciprocal of the expression again, we get 
[Xx] K, 


[HX]+[X°] [H"]}+K, 


Replacing the concentration term on LHS with any variable, say f, we see that f increases as pH decreases. Substituting 
in the expression for solubility, we get 


or (10.33) 


The expression shows that the solubility increases with increase in [H’] or decreases in pH. 


Solved Example | 10-51 | 


The pH at which Mg(OH), begins to precipitate from [0.1JJOH-? =1x10™" 

a solution containing 0.10 M Mg” ions will be [K,, of or [OH-]=10° M 

Mg(OH), =1 x10") 

Solution Thus, pOH = 5 and pH = 14- pOH= 14-5 =9. 
When Mg(OH), starts precipitation, the solubility product 
is K,, = [Mg"[OH 
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10.17 | PREFERENTIAL PRECIPITATION OF SALTS 


Selective precipitation means causing one metal ion to precipitate while hold- NaCl 
ing another in solution. It occurs when more than one ion capable of forming —_ [Slution 
a ppt. With another ion which is added to the solution. Often this is possible 

because of large differences in the solubilities of salts that we would generally 

consider to be insoluble. For example, the K,, values for AgCl and PbCl, are 


1.8 x 10° and 1.7 x 10°, respectively, which gives them molar solubilities in Dilute 

water of 1.3 x 10°M for AgCl and 1.6 x 10°M for PbCL.. In terms of molar Pen a 
solubilities, lead chloride is approximately 1200 times more soluble in water ie i ceed 
than AgCl. If we had a solution containing both 0.10 M Pb” and 0.10 M Ag* Pb(NOg)o| 9 


and began adding Cl’, AgCl would precipitate first (Fig. 10.11). In fact, we can 
calculate that before any PbCl, starts to precipitate, the concentration of Ag* Figure 10.11 Selective precipitation. 
will have been reduced to 1.4 x 10°M. Thus, nearly all the silver is removed 
from the solution without precipitating any of the lead, and the ions are effectively separated. All we need to do is find 
a way of adjusting the concentration of the CI to achieve the separation. 

In a solution containing Cl, Br and I, if Ag* ions are added then among the three, the least soluble silver salt is 
precipitated first. If the addition of Ag* ions is continued, eventually the salt having higher solubility and consequently 
the one having highest solubility get precipitated. 


1. If the stoichiometry of the precipitated salts is the same, then the salts are precipitated in increasing order of K,,. 


2. If the stoichiometry of the precipitated salts is not the same, then with K,, alone, we cannot predict the ion that 
will get precipitated first. 


Consider a solution of Cl and CrO7. Both of these ions precipitate with Ag* and K,, (AgCl) > K,, (Ag,CrO,). It is 
found, however, that AgCl (less soluble) gets precipitated first when Ag’ ions are added to the solution. By calculating 
the concentration of Ag” ion required to start precipitating through the K,, and given concentration of Cl and CxO; , 
we find that [Ag’] > [CI]. Hence as AgNO, is added to the solution, the minimum of the two concentrations of Ag” 
to start the precipitating will be reached first, and thus the corresponding ion (CI ) will be precipitated in preference 
to the other. During precipitation, concentration of Cl decreases and that of Ag” increases till the time both the con- 
centrations are equal. At this stage, the whole of CI ions have been precipitated and the addition of more of AgNO, 
causes the precipitation of both the ions together. 


1. Solubility of a salt of weak acid and strong base in basic buffer suppresses ionization as compared to pure water 
due to common ion effect. However, in acidic buffer solution, solubility increases more than pure water. 


2. Solubility of salt of weak acid and weak base in pure water can be studied as follows. Let the solubility of salt be 
S,and y mol L” is the amount of salt getting hydrolyzed. 


CH, COONH, — CH, COO; + NH, (10.34) 
S-y S-y 
CH,COO” + NH; + H,O = CH,COOH + NH,OH (10.35) 
S-y S-y y y 
The solubility product is K,, =(S—y)(S— y) =(S- y) 
Due to hydrolysis of salt from Eq. (10.34) 
_ [CH,COOH][NH,OH] _ yy ( y ) 
* [CH,COO"][NH;] ($= y)(S-y) \S- yF 
K 
and we alsoknow that kK, =—— 
K,K, 
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3. Solubility of a salt of weak acid and weak base in acidic buffer can be studied as follows. Let the solubility of salt 
be S and y be the amount of weak acid being formed. 


CH,COONH, = CH,COO-+ NH? 


S-y y 
CH,COO™ + iat — CH,COOH (10.36) 
(Sy) (from acidic buffer) y 
The solubility product is K,, =[CH,COO ]+[NH;][5— y]Ly]= y[S- y] 
For Eq. (10.36), we have : Kl= emCOOML y 


K.cu,coon) -— [CH,COO ][NH;] 7 (S—y)[H*] 
Solubility of CH,COONH, in acidic buffer would be higher than in pure water. 


4. Solubility of a salt of weak acid and weak base in basic buffer can be studied as follows. 


CH,COONH, = CH,COO + NH; 
y S-y 


NE On — NEVO 
eas (from buffer) (10.37) 


The solubility product is Kyca,coonn,) = [CH;COO™][NH7]= y(S— y) 


Now, from Eq. (10.37), we have : Ki= Ihe = 2 = 
K, [NH"][OH™] (S-y)[OH™] 


The solubility of CH,COONH, in basic buffer would be higher than pure water. 


Note: Solubility of AgCl in an aqueous solution containing NH, 
Let the amount of NH, initially be x M. If the solubility of salt be y mol L™. 


AgCl(s) = Ag* +Cl- 
Initial moles 0 y 0 
Moles at time, t b-y y 


Ag'+2NH, =[Ag(NH,),]" (aq) 
b-y  a-2y y 


where y is the amount of Ag’ which reacted with NH,. 
Big = [Ag*][CI ] = (b- y)y 


After knowing the value of K,, and K, the value of solubility can be calculated. 


Solved Example | 10-52 | 


Consider a solution containing Hg* and Fe”, both at Solution 
molarities of 0.010 M. It is to be saturated with H,S. 
Calculate the highest pH that this solution could have 
that would keep Fe™ in solution while causing Hg” to 
precipitate as HgS. 


Fe* is much more soluble in acid than Hg”. We want 
to make the H* concentration large enough to prevent 
FeS from precipitating, but small enough that HgS pre- 
cipitates. First, we calculate the highest pH at which FeS 
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will remain soluble, by using K,,, for FeS. (Recall that a 
saturated solution of H,S = 0.10 M.) 


_ (0.010]{0.10] _ 6 492 
[H*} 


_ [Fe [HLS] 
spa [H* is 


which gives [H*] = 0.0013 M and pH = -log [H’] = 2.9. 
Since Fe* is much more soluble in acid than Hg”, we 
already know that this pH will precipitate HgS, but we 
can check it by using K,,, for HgS. 


spb 


[He** }[H,S] 


spb [H* fr 


[0.010][0.10] 


5 = 2x10 
[H"] 


which gives [H*] = 2.2 x 10 M. (This concentra- 
tion is impossibly high, but it tells us that this much 
acid would be required to dissolve HgS at these 
concentrations.) 


Solved Example | 10-53 | 


A solution contains a mixture of Ag* (0.10 M) and Hg;* 
(0.10 M) which are to be separated by selective precipita- 
tion. Calculate the maximum concentration of iodide ion 
at which one of them gets precipitated almost completely. 
What % of that metal ion is precipitated? (IIT-JEE 1984) 


Solution 


For the precipitation, the ionic product should be greater 
than solubility product. Also, K,, of Hg,I, = 2.5 x 10” is 
much less than that of AgI = 8.5 x 10”. 

For the reaction Hg,I, = Hg>* +2I-, the solubility 


product is K,, =[Hg;*][I- ? =2.5x10”° 

| ae = 107 
[Hg;"] 0.1 
For the reaction Agl = Ag* +2I, the solubility product 
is K,, =[Ag*][I-]=85x107 


=5.0x10°"° M 


Therefore, [I] = | 


K, _ 85x10 


=8.5x10° M 
[Ag*] 0.1 


Therefore, [I] = 


On comparing, we find that [I] required to precipitate 
Agl is less than that required to precipitate Hg,1,. So, AgI 
starts precipitating first and Hg,I, gets precipitated only 
when [I] reaches 5.0 x 10°'* M. The concentration of AgI 
left when Hg,I, starts precipitating is 


K,, of Agl — 8.5x10°7 


- — =1.7x10*M 
[I] for Hg,I, 5.0x10 


Therefore, 


7x10 


-4 
% of [Ag"] precipitated = 2 aa x 100 = 0.17% 


So, the % of Ag” precipitated is 100 — 0.17 = 99.83%. 


Solved Example | 10-54 | 


What range of pH would permit the selective precipita- 
tion of Cu* as Cu(OH), from a solution that contains 
0.10 M Cu™ and 0.10 M Mn”? For Mn(OR),, K,, = 1.6 x 
10° and for Cu(OH),, K,, = 4.8 x 10™. 


Solution 
The reaction is Cu(OH),(s) = Cu*(aq) + 2 OH (aq). The 
solubility product is 
2+ -72 20 —72 
K,, =[Cu™ ][OH |’ > 4.8x10™ =(0.10)[OH | 


Solving, we get [OH] = 6.9 x 10°'°M 
Now, pOH = log [OH ] = —log[6.9 x 10"”] = 9.2 and 
pH = 14.00 -pOH = 4.8. 


So, 4.8 is the pH below which all the Cu(OH), will be 
soluble. 

For the reaction Mn(OH),(s) = Mn*(aq) + 20H (aq), 
the solubility product is 


K,, =[Mn** ][OH ]’ > 1.610 = (0.10)[OH]’ 


Solving, we get [OH] = 1.3 x 10°M 
Now, pOH = -log[OH ] = -log[1.3 x 10°] =5.9 and 
pH = 14.00 -pOH = 8.1 
So, 8.1 is the pH below which all the Mn(OH), will be 
soluble. 
Therefore, from pH = 4.8 — 8.1 Mn(OH), will be solu- 
ble, but some Cu(OH), will precipitate out of solution. 
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Solved Example | 10-55 | 


Given K, cy = 1.8 x10" K, 


> “*sp(AgBr 
=§3. 10°", 
A solution contains [[] = [Br] = [Cl] = 0.1 M each. 
Calculate: 


)=5x 10 and K, 


sp(Agl) 


(a) The minimum [Ag*] concentration to precipitate 
(i) AglI, (ii) AgBr and (iii) AgCl 

(b) The minimum [Ag’] required to precipitate (i) AgI 
only and (ii) AgI and AgBr only. 

(c) The percentage of [I] unreacted when AgBr first 
precipitates. 


Solution 


(a) The minimum concentration required for precipita- 
tion of salts is: 


(i) Kyyagy = [Ag*][T] 
Therefore, 


gt) = Kovaen, _ 8.32107 
a 01 


[Ag*]> 83x10" 


(ii) Kags) = [Ag*][Br ] 
Therefore, 


[Ag*]= Kovaey S10 
[Br ] 0.1 
[Ag*]> 5x10” 


(iii) Kya =[Ag [Cr] 
Therefore, 


[A *] _ Kyyagaa = 1.8 x107° 
eee (si 0.1 
[Ag*]>1.8x10° 


(b) Consider the following distribution of precipitating 
ions in different zones: 


Zone 1 Zone 2 Zone 3 Zone 4 


[Ag*]=8.3x10-'§ [Agt]=5x10-1?  [Agt] = 1.8 x 10°? 


In Zone 1: AgI, AgBr, AgCl are all not precipitated. 

In Zone 2: Only Ag] is precipitated. 

In Zone 3: Both AgI and AgBr are precipitated. 

In Zone 4: All are precipitated. 

(i) Maximum [Ag"] at which AglI only is precipi- 
tated =5 x 10°" M. 


(ii) Maximum[Ag’] at which both AgI and AgBr are 
precipitated =1.8 x 10° M. 


(Note: For precipitation, ionic product > K,,) 
(c) When AgBr first precipitates, [Ag*] > 5 x 10°” M. 


Therefore, [I] unreacted at this point can be calcu- 
lated as 


Kash = [Ag* ] [ ] unreacted 
8.3x107 =[5x10 JI] 
ag Paper = 1.66 x 10° 


unreacted 


5 
A ee ~ 10" «100 = 0.0166% 
[1 Tpemea = 99.9834% 


This shows that when AgBr first precipitates, most of 
[AgI] has already been precipitated. This makes logical 
sense, as per the K,, values of AgI and AgBr. 


10.18 | APPLICATIONS OF SOLUBILITY PRODUCT 


The important applications of solubility product are listed as follows: 


1. Qualitative salt analysis: As discussed in Section, selective precipitation of one metal ion while keeping other 
in the solution can be achieved due to large difference in the solubility of the salt formed with the precipitation 
reagent. This principle is used in qualitative salt analysis of mixture of radicals. Some important reactions are: 

(a) Precipitation of Group I radicals ( Pb, Ag* and Hg;*)as chlorides with diluted HCl. 


(b) Precipitation of Group II radicals (Cu™, Sn™, Cd* Hg™, As*, Sb, Bi*, As™, Sb”, Sn“) by H,S in presence of HCI 
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(c) Precipitation of Group III radicals (AI**, Cr*, Fe**) with NH,OH in presence of NH,Cl. 
(d) Precipitation of Group IV (Ni*, Co*, Mn, Zn”) elements with H,S in presence of NH,OH. 
(e) Precipitation of Group V elements (Ca™, Sr™*, Ba”) with (NH,),CO, in presence of NH,OH. 


2. Purification of common salt: In the purification process, HCl gas is passed through the saturated salt solution, 
which causes pure NaCl to precipitate out. The increased concentration of chloride ions causes the equilibrium to 


shift in the backward direction. 


NaCl(s) = Na* (aq) + Cl (aq) 
The product of ionic concentration is more that solubility constant, so precipitation occurs. 
3. Preparation of sodium bicarbonate: In Solvay process, NaHCO, is precipitated by the addition of NH,HCO,. 
4. Precipitation of soap: Soap is salted out of saturated soap solution (RCOONa) of higher fatty acids by addition 


of sodium chloride. 


SOLVED OBJECTIVE QUESTIONS FROM PREVIOUS YEAR PAPERS 


1. HX is a weak acid (K, = 10°). It forms a salt NaX (0.1 M) 
on reaction with caustic soda. The degree of hydrolysis of 


NaX is (IIT-JEE 2003) 
(A) 0.01% (B) 0.0001% 

(C) 0.1% (D) 0.5% 

Solution 


(A) The reaction is NaX + H,O — NaOH + HX. The 
hydrolysis constant is 


Now, K,, = Ch’ = 10° where h is the degree of hydroly- 
sis and C = 0.1 M. Solving, we get 

h’? =10* >h=10" 

a=10" 
Therefore, % hydrolysis = 0.01%. 


2. 0.1 mol of CH,NH, (K, = 6 x 10“) is added to 0.08 mol of 
HCl and the solution is diluted to 1 L. The hydrogen ion 


concentration in the solution is (IIT-JEE 2005) 
(A) 5x10°M (B) 8x10°M 

(C) 16x10'"'M (D) 6.7x107'M 

Solution 


(D) The reaction is 


CH,NH,+ HCl — CH, NH,+ Cl 
Initial concentration 0.1 0.08 0 0 
Concentration in solution 0.02 0.08 


The concentrations of [OH ] and [H’] are 


K,[CH,NH,]_6x10*x0.02 3 


[OH ] = - x 10+ 
[CH,NH,] 0.08 2 
HW =) on] = 0.666 x10" = 6.710 


. Ag’ + NH, = [Ag(NH,)]"; K, = 3.5 x 10° 


[Ag(NH,]* + NH, — [Ag(NH,),]*; K, = 1.7 x 10° then the 
formation constant of [Ag(NH,),]" is (IIT-JEE 2006) 
(A) 6.08 x 10° (B) 6.08 x 10° 

(C) 6.08 x 10° (D) None of these 


Solution 


(A) Given that 
Ag’ +NH,; =[Ag(NH;)"] 
K, = ASNHYT 3.5107 
[Ag*][NH;] 
and 
[Ag(NH,)]° +NH, =[Ag(NH,),]* 
[Ag(NH,),]" 


=o = 1.7107 
[Ag(NH; )]"[NH] 


Therefore, for the overall reaction 
Ag’ + 2NH, =[Ag(NH;),]* 
x —LAS(NHs)o]" _ [Ag(NH3)"], [Ag(NHs),I" 
[Ag*]INH,] [Ag*][NH;] [Ag(NH,)]"[NH,] 
= K,-K, =3.5x10° x1.73x 107 = 6.08 x 10° 


. The species present in solution when CO, is dissolved in 


water are 

(A) CO,, H,CO,, HCO;,CO% 
(B) H,CO,, CO; 

(C) CO}, HCO; 

(D) CO,, H,CO, 


(IIT-JEE 2006) 


Solution 
(A) The reactions involved are 


CO, 71,0 = H,Co, 
H,CO, = H*+HCO; 
HCO; =H*+co* 
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5. 2.5 mL of (2/5) M weak monoacidic base (K, =1 x 107” at 
25°C) is titrated with (2/15) M HCl in water at 25°C. The 
concentration of H* at equivalence point is (K,, = 1 x 10°" 
at 25°C) (IIT-JEE 2008) 
(A) 3.7x10°M (B) 3.2x107M 
(C) 3.2x10°M (D) 2.7x10°M 


Solution 


(D) The reactions involved are 


BOH+HCl— BCI+H,O 
B’ +H,O = BOH+H* 
Initial moles C a a 
Moles at equilibrium C-—Ca Ca Ca 


Using M,V,(BOH) = M,V,(HCl), we get 


oe 2 SV. at 
5 15 


Also, we have M,V,(salt) = M,V, (BOH), that is, 
2 
M, a aaa =0.1M 


Now, K, x K, =K,, where K, = Ca’/(1 — a). Therefore, 


2 


K 
ot 20 1 
K, l-a 


>a =0.27 


Hence, [H*] = Ca=2.7 x 10° M. 


6. Solubility product constants (K,,) of salts of types MX,MX, 
and M,X at temperature T are 4.0 x 10° M, 3.2 x 10" M 
and 2.7 x 10°” M, respectively. Solubilities (mol dm™) of 
the salts at temperature T are in the order 

(IIT-JEE 2008) 


(B) M,X>MX, >MX 
(D) MX>M,X>MX, 


(A) MX > MX, >M,X 
(C) MX, >M,X>MX 
Solution 
(D) The solubilities are calculated as 
Solubility of MX = (4x10%)'? =2x107 
Solubility of MX, = (3.2x10™)'? =3.17x 10° 
Solubility of MX, =(2.7x 10%)" =2.27 x10“ 
So, MX > M,X > MX,. 


7. The dissociation constant of a substituted benzoic acid at 
25°C is 1.0 x 10“. The pH of a 0.01 M solution of its sodium 
salt is (IIT-JEE 2009) 


Solution 


(8) Given that K, (C,H,;COOH) = 1 x 10% and pH of 
0.01 M C,H;COONa is to be calculated. The reaction 
can be expressed as 


Telegram @unacademyplusdiscounts 
Solved Objective Questions from Previous Year Papers 


C,H,COO- +H,O=C,H,COOH+OH- 


Initial moles 0.01 0 0 


Moles at equilibrium 0.01(1-/) 0.01h 0.01h 
The hydrolysis constant is given by 
K, 0.01h7 10 107h? 
K, = = >— = 
K, 1-h 10 1-h 


Now, | — / is approximately equal to 1, so 
h=(10-“***?)'" 10%. Hence, 


[OH-]=0.01h =0.01x 10“ =10° M_ and 
io" 


Therefore, pH = 8. 


8. Aqueous solutions of HNO,, KOH, CH,COOH and 
CH,COONa of identical concentrations are provided. The 
pair(s) of solutions which form a buffer upon mixing is(are) 

(IIT-JEE 2010) 
(A) HNO, and CH,COOH 
(B) KOH and CH,COONa 
(C) HNO, and CH,COONa 
(D) CH,COOH and CH,COONa 


Solution 


(C, D) In (C), if HNO, is present in limiting amount then 
this mixture will be a buffer and in (D), the mixture 
contains a weak acid, that is, acetic acid and its salt 
of strong base, that is, sodium acetate. 


9. AgNO,(aq) was added to an aqueous KCI solution gradu- 
ally and the conductivity of the solution was measured. The 
plot of conductance (A) vs. the volume of AgNO, is 


(IIT-JEE 2011) 
” . ae 2 
Volume volume 
(P) (Q) 
A A rs 
"Kestig, 300> 
Wun Volume 
(R) (S) 
(A) P (B) Q 
(C)R (D) S 
Solution 


(D) The plot is shown in Fig. 10.12. 
The reaction involved is 


AgNO, (aq) + K*CI (aq) = AgCl(s) + KNO; 


On adding AgNO,, the precipitation will not start 
immediately unless and until the ionic product of AgCl 
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exceeds the solubility product. 
After that AgNO, will be pre- 
cipitated in the form of AgCl 
and also at the same time NO; 
ions will be added to the solu- 
tion. Since now the number 
of ions remains the same that 
is why the conductance also 


: > Volume 
remains the same (shown in (S) 
Fig. 10.12 by line AB). After 
the precipitation is complete, Figure 10.12 


on further adding AgNO, the 
number of ions will now increase, and hence the con- 
ductance will also increase (shown by line BC). 


10. In 1 L saturated solution of AgCl [K,, (AgCl) = 1.6 x 10°], 


11. 


0.1 mol of CuCl [K,, (CuCl) = 1.0 x 10°] is added. The 
resultant concentration of Ag* in the solution is 1.6 x 10]. 
What is the value of n? (IIT-JEE 2011) 


Solution 


(7) The reaction involved is 
AgCl(s) = Ag*+ Cl” 
x Xx 
CuCl(s) = Cu*+ Cl” 
y y 


Net CTI in solution = (x + y). Now, the solubility product of 
AgClis K,,(AgCl) = 1.6 x 10°" =[Ag*][Cl] = x(x+y) 


or x(x+y)=16x10° (1) 
Now, the solubility product of CuCl is 

K,,(CuCl) = 1.0 x 10° =[Cu*][Cl] 
or y(x + y)=1.0x 10% (2) 


Dividing Eq. (1) by Eq. (2), we get 


10 4 
eon ein Saye 
y 10x10" 16 


Putting this value of y in Eq. (1), we get 


4 
xX (x+ 4) =1.6x10° 

or x? = (1.6 x10“ = 1.6 x 1074 

or x =1.6x107 =[Ag']. Therefore, n =7 


The initial rate of hydrolysis of methyl acetate (1 M) by 
a weak acid (HA, 1 M) is 1/100th of that of a strong acid 
(HX, 1M), at 25°C. The K, of HA is 


(JEE Advanced 2013) 
(A) 1x10“ (B) 1x 10° 
(C) 1x 10° (D) 1 x 10” 
Solution 


(A) The rate with respect to weak acid is 
+ 
rate, = k{H —" [Ester] 
and rate with respect to strong acid is 


+ 
rate, = k[H IstronglEster] 


) 
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. + [A Jorone 1 
Now, given that[H*],.., = = = 0.01 M 
100 100 
The reaction involved is 
HA —=H*+A™ 
1-0.01=1 0.01 0.01 
= [H*][A’] _ 0.01 x 0.01 = 10" 


* [HA] 1 


The K,, of Ag,CrO, is 1.1 x 10 at 298 K. The solubility (in 
mol/L) of Ag,CrO, in a 0.1 M AgNO, solution is 


12. 


(JEE Advanced 2013) 
(A) 1.1 x 10 (B) 1.1 x 107° 
(C) 11x 10° (D) 11 x 10° 
Solution 


(B) The reaction involved is 


Ag,CrO, = 2Ag* +CrO7 
Ss 0.14+2S=0.1 S 


The solubility product is 
K,, =[Ag*P[CrO7]=> 11x10-? =(0.1" xs 


11x10 
(0.1) 


Paragraph for Questions 13 and 14: When 100 mL of 1.0 M 
HCl was mixed with 100 mL of 1.0 M NaOH in an insulated 
beaker at constant pressure, a temperature increase of 5.7 °C 
was measured for the beaker and its contents (Expt. 1). Because 
the enthalpy of neutralization of a strong acid with a strong 
base is a constant (—570 kJ mol’), this experiment could be 
used to measure the calorimeter constant. In a second experi- 
ment (Expt. 2) 100 mL of 2.0 M acetic acid (K, = 2.0 x 10°) was 
mixed with 100 mL of 1.0 M NaOH (under identical conditions 
to Expt. 1) where a temperature rise of 5.6°C was measured. 
(Consider heat capacity of all solutions as 42 J g' K™ and 
density of all solutions as 1.0 g mL.) 


Therefore, § =[CrO7 ]= =1.1x10"°molL" 


13. Enthalpy of dissociation (in kJ mol”) of acetic acid 
obtained from the Expt. 2 is 


(JEE Advanced 2015) 
(A) 1.0 (B) 10.0 
(C) 24.5 (D) 51.4 
Solution 


(A) Energy evolved on neutralization of HCl and NaOH = 
0.1 x 57 =5.7 kJ =5700J 
Energy utilized to rise the temperature of the solution = 
ms-AT = 200 x 1 x 4.2 x 5.7 = 4788 J 
Energy used to increase temperature of calorimeter = 
5700 — 4788 = 912 J 


ms - AT = 912 
mxsx5.7=912 > ms =160S°C" [Calorimeter constant] 


Energy evolved by neutralization of CH,COOH and 
NaOH = 200 x 4.2 x 5.6 + 160 x 5.6 = 5600 J 
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So, energy used in dissociation of 0.1 mol CH,COOH = 
5700 — 5600 = 100 J 
Thus, enthalpy of dissociation = 1 kJmol' 


14. The pH of the solution after Expt. 2 is 
(JEE Advanced 2015) 
(A) 2.8 (B) 4.7 
(C) 5.0 (D) 70 
Solution 


(B) In Expt. 2, the final solution is a buffer as it contains 
equimolar amounts of acid and salt. 


[salt] 
pH = pK, +log-— (1) 
[acid | 
pK, =—log(2x10~) 
= —0.30104+5 
= 4.699 ~ 4.7 
100 
[Salt] =[CH,COONa] = —x2=1M 
200 
[Acid]=[CH,COOH] = oe 9 = 100 9 <M 
200 200 


Substituting the values in Eq. (1), we get 
1 
pH = oes 


=4.7 


15. The solubility in water of a sparingly soluble salt AB, is 
1.0 x 10° mol L™. Its solubility product number will be 


(AIEEE 2003) 
(A) 4x 10% (B) 4x10” 
(C) 1x10 (D) 1x10" 
Solution 


(A) The solubility product is 
K,, = S(2S) = 48° =4 x (1.0 x 10°)? =4 x 10°" 
Which one of the following statements is not true? 
(AIEEE 2003) 
(A) The conjugate base of H,PO; is HPO{ 
(B) pH + pOH = 14 for all aqueous solutions 
(C) The pH of 1 x 10° M HClis 8 
(D) 96,500 coulombs of electricity when passed through 
CuSO, solution deposits 1 g equiv. of copper at the 
cathode. 


16. 


Solution 


(C) For acidic solution, pH should be less than 7 


The molar solubility product of a sparingly soluble salt (in 
mol L") MX, is S. The corresponding solubility product K, > 
S is given in terms of K,, by the relation 


‘* we Ky)" 
Ds 128] 


(C) S=(256K,,)"” 


17. 


(AIEEE 2004) 


. ee Ky \" 
(8) -(2; 


(D) S=(256K,,)"" 


18. 


19. 


20. 


aa 
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Solution 


(B) Consider the reaction: MX, = M*+ 4x” 
The solubility product is 


K 1/5 
K., = S(4S)* = 256S° > S= 2 | 
gO) (= 


Hydrogen ion concentration in mol L” in a solution of 
pH = 5.4 will be (AIEEE 2005) 
(A) 3.98 x 10° (B) 3.88 x 10° 
(C) 3.68 x 10° (D) 3.98 x 10° 


Solution 
(D) The pH is pH = —-log[H*] => 5.4 = -log[H*]. 
So, 


[H*] = antilog (6.06) = 3.98 x 10° 


The solubility product of a salt having general formula 
MxX,, in water is 4x10". The concentration of M** ions in 
the aqueous solution of the salt is (AIEEE 2005) 
(A) 2.0 x 10°M (B) 10x10°M 

(C) 16x10*M (D) 4.0x 10'°M 

Solution 

(B) The reaction is MX, = M*+ 2X". So, 


K,, = S(2S) =48° 


KY? 
(“| =1x10" 


° 
5 
nA 
I 


Given the data at 25°C, 
Ag+T = AglI+e; E° =0.152 V 
Ag = Ag’ +e; E° =-0.800 V 


What is the value of log K,, for AgI? (AIEEE 2006) 
(A) -8.12 (B) +8.612 
(C) -37.83 (D) -16.13 
Solution 
(D) From Nernst equation, we have 
2.303RT 
ei) = log K, 1 
cell nF SAS, (1) 


Agl+e = Ag+; E° =-0.152 V 
Ag = Ag’ +e; E° =-0.800 V 
Agl(s) > Ag’ +I; E° = -0.952 
Substituting in Eq. (1), we have 
0.059 
1 


0.952 _ 
0.059 


0.952 = log K,, = logk,, =- -16.135 


The first and second dissociation constants of an acid 
H,A are 1.0 x 10° and 5.0 x 10”, respectively. The overall 
dissociation constant of the acid will be 

(AIEEE 2007) 
(B) 5.0 x 10° 
(D) 5.0x 10% 


(A) 0.2 x 10° 
(C) 5.0x 10" 
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Solution 


(D) Let us first consider the dissociation of H,A and HA 


Picea ele 
[HA] 
- 7 7 Ht AZ 
HA =H*+A’ K, a ae 
[HA’] 
For the reaction 
H,A = 2H* +A” 

we have 

+727 a 2- 
x =A) Lk xk, =1x10%x 5x10 = 5x 10 

[H A] 1 2 

2: 


22. Ina saturated solution of the sparingly soluble strong elec- 
trolyte AgIO, (Molecular mass = 283 g mol”) the equilib- 
rium which sets in is 


AglO,(s) = Ag’ (aq) + 10; (aq) 


If the solubility product constant K,, of AgIO, at a given 
temperature is 1.0 x 10°, what is the mass of AgIO, con- 
tained in 100 mL of its saturated solution? 

(AIEEE 2007) 
(B) 28.3 x 107 g 
(D) 10x107 g 


(A) 10x 10% g 
(C) 2.83 x 10° g 


Solution 
(C) The reaction involved is 
AglO,(s) = Ag* +10; 
Let S be the solubility product of AgIO,, then 
K,, =[Ag*][105] 
or 10x10*°=S?>S=10"% molL" 


or $= 10 x 283x 1) = 283x107 
1000 
= 2.83x107 g per 100 mL 


23. The pK, of a weak acid (HA) is 4.5.The pOH of an aqueous 
buffered solution of HA in which 50% of the acid is ion- 


ized is (AIEEE 2007) 
(A) 70 (B) 4.5 

(Cc) 25 (D) 9.5 

Solution 


(D) For buffer solution (Henderson’s equation) 


[Salt] 245216 [Salt] 


H = pK, +1 = 4, 
Pe Pee Aaa [Acid] 


As the acid is 50% ionized, which means that 
[Salt] = [Acid] 


pH =4.5+log 1=4.5 


Therefore, pOH = 14- pH=14-4.5=9.5 
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24. Regular use of which of the following fertilizers increases 
the acidity of soil? (AIEEE 2007) 
(A) Ammonium sulphate 
(B) Potassium nitrate 
(C) Urea 
(D) Superphosphate 


Solution 


(A) Ammonium sulphate is a salt of strong acid and weak 
base. On hydrolysis, it produces H* ions which increase 
the acidity of soil. 

(NH,),SO, > 2NH; + SO7 
NH; + H,O = NH,OH+H* 


25. Four species are listed below 


(I) HCO; (11) H,O* 
(I) HSO; (IV) HSO,F 
Which one of the following is the correct sequence of their 


acid strength? 
(A) IV<II<II<I 
(C) I< HI<Il<IV 


(AIEEE 2008) 
(B) I<HI<I<IV 
(D) W<I<IV<Il 


Solution 


(C) The order is (IV) > (ID) > (III) > (1). This is because 
weaker the conjugate base, stronger is its conjugate acid. 
26. The equilibrium constants K, and K,, for the reactions 
X = 2Y and Z = P+Q respectively, are in the ratio of 
1:9. If the degree of dissociation of X and Z be equal, then 

the ratio of total pressure at these equilibria is 


(AIEEE 2008) 
(A) 1:36 (B) 1:1 
(C) 1:3 (D) 1:9 
Solution 
(A) The reaction can be expressed as 
xX =2Y 
Initial moles 1 0 
Moles at equilibrium (1-a@) 2a 


For reaction (I), let the total pressure be equal to p. The 
total number of moles in reaction = 1-x+2x=1+.. 


For reaction (II), let the total pressure be equal to p’. The 
total number of moles in reaction =1—x+x+x=1+x. 


( ox al 


1l+x _ 4px? 
(= 1- x? 
1+x/ 1 


Therefore, K, = and 


_ (oer _ px? 


K I 
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Given that the ratio of K,,/K,, = 1/9, therefore, 


ape | 


K, = Gea _ 4p 


, 2 , 
K, 9 Pp 5 Dp 
[ 


1-x? 
or pili 
p 36 


27. The pK, of a weak acid, HA, is 4.80. The pK, of a weak 
base, BOH, is 4.78. The pH of an aqueous solution of the 
corresponding salt, BA, will be 

(AIEEE 2008) 
(A) 9.58 (D) 9.22 


(B) 4.79 = (C) 701 


Solution 


(C) The reaction is 


BA =Bt+A-—22°_, ant +On- 


en 


BOH+H* 
Now since, 
[H*]= Ruths 27, pK, ->pK, 
K, 
Therefore, pH =7.01 


28. Solid Ba(NO,), is gradually dissolved in a 1.0 x 10* M 
Na,CO, solution. At what concentration of Ba™ will a pre- 
cipitate begin to form? (Given K,, for BaCO, = 5.1 x 10”.) 

(AIEEE 2009) 

(B) 8.1x107M 

(D) 5.1x10°M 


(A) 81x10°M 

(C) 41x10°M 

Solution 

(D) The reaction is 
Ba(NO,), + CaCO, = BaCO, + 2NaNO, 


Here [COZ] = [Na,CO,] = 10°* M. Therefore, the 
solubility product is 


K,, =[Ba**][CO,” ] 
or 5.1x10° =[Ba**]x 10* 
we get [Ba™] = 5.1 x 10°. At this value, precipitation 
just starts. 


29. Three reactions involving H,PO; are given below; 
(I) H,PO, +H,O > H,O* + H,PO; 
(Il) H,PO; +H,O > HPO; +H,0* 
(I) H,PO; +OH > H,PO,+07 
In which of the above does H,PO; act as an acid? 
(AIEEE 2010) 


30. 


31. 


32. 
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(A) (1) only 
(C) (J) and (II) 


(B) only 
(D) (III) only 


Solution 
(B) (I) H,PO,+H,O>H,0*+ H,PO; 
Acid Conjugate 
base 
(I) H,PO;+H,O— HPO; +H,0* 
Acid Conjugate 
base 
(Il) H,PO;+OH > H,PO, +07 
Base Conjugate 
acid 


In aqueous solution the ionization constants for carbonic 

acid are K, = 4.02 x 107 and K, = 4.8 x 10". Select the 

correct statement for a saturated 0.034 M solution of the 

carbonic acid (AIEEE 2010) 

(A) The concentration of H*is double that of COZ. 

(B) The concentration of COZ is 0.034 M. 

(C) The concentration of CO7 is greater than of HCO; 

(D) The concentrations of H* and HCO; are approxi- 
mately equal. 


Solution 


(D) The reactions are 


H,CO, = H* + HCO; K, =4.2x107 (1) 
HCO; = H*+COZ K,=4.8x10" (2) 
As K, < K,. All the H” ions (in total) are due to 


Eq. (1) only. 
From the first equation, 

[H*]= [HCO, ] = [A Jrccat 
[CO?] is negligible as compared to [HCO{] or 
[H"*],,1a. SO, the concentrations of H* and HCO; are 
approximately equal. 


The correct order of increasing basicity of the given conju- 
gate (R = CH,) is (AIEEE 2010) 


(A) RCOO<HC=C<NH,<R 
(B) RCOO<HC=C<R<NH, 
(C) R< HC=C<RCOO<NH, 
(D) RCOO<NH, <HC=C<R 


Solution 


(A) Because strong acids have weak conjugate base and 
RCOOH being the strongest acid among these has the 
weakest conjugate base. 


Solubility product of silver bromide is 5.0 x 10"°. The quan- 
tity of potassium bromide(molar mass taken as 120 g mol 
to be added to 1 L of 0.05 M solution of silver nitrate to 
start the precipitation of AgBr is (AIEEE 2010) 
(A) 5.0x 10% ¢ (B) 12x10" ¢ 
(C) 12x10° ¢ (D) 6.2x10° g 
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Solution 


(C) The reaction involved is Ag” + Br: = AgBr 
Precipitation will start only if the ionic product just 
exceeds the solubility product 


K,, =[Ag’][Br ] 


Therefore, [Br ]=—%.= =10"M 
[Ag’] 0.05 

Also, 

isiaciy= et Omores 

Liter of solution 
oa 10°" mol I = Number of moles 
1, 

or Number of moles = 10 mol 


Now, number of moles of KBr to be added = Given 
mass/Molar mass. Therefore, 


Weight of KBr to be added 
= Number of moles x Molar mass 
= 10" x120=1.2x10° g 


33. At 25°C, the solubility product of Mg (OH), is 1.0 x 10. 
At which pH will Mg” ions start precipitating in the form 
of Mg(OH), from a solution of 0.001 M Mg” ions? 


(AIEEE 2010) 
(A) 8 (B) 9 
(C) 10 (D) 11 
Solution 


(C) The reaction is Mg** + 20H” = Mg(OH),. The solu- 
bility product is 


K,, =[Mg”*][OH ], 


K,, \" 1x10" y" n 
p_| = = =107+ M 
[Mg?"]I 10° [ 


Therefore, (or -{ 
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Therefore, pOH = —log[OH ] = 4. Now, since pH + 
pOH = 14, we get pH = 10. 
34. The pH ofa 0.1 M solution of the acid HQ is 3. The value of 


the ionization constant, K, of this acid is (AIEEE 2012) 
(A) 3x 107 (B) 1x10" 

(C) 1x10” (D) 1x107 

Solution 


(C) Consider the dissociation of acid HQ 
HQ=H*+Q" 
The acid dissociation constant is 


[HYO"] _ (Hy 


* [HQ] — [HQ] 
as at equilibrium [H’] = [Q’]. 
+72 
or ee) => K,-C=[H*/ 


Given that pH = 3, this means —log[H"*] = 3 or [H’] = 
10° M. Substituting, we get 


35. How many litters of water must be added to 1 liter of an 
aqueous solution of HCl with a pH of 1 to create an aque- 


ous solution with pH of 2? (JEE Main 2013) 
(A) 0.9L (B) 2.0L 

(C) 9.0L (D) 0.1L 

Solution 

(C) Initial pH = 1 > [H*] =10°=0.1 M. 


New pH =2 = [H*] = 107° = 0.01 M. 
In case of dilution, MV, = M,V, 


0.1x1=0.01xV, > V;, =10 L 


Volume of water added = 9.0 L 


REVIEW QUESTIONS 


1. Astatine, atomic number 85, is radioactive and does not 
occur in appreciable amounts in nature. On the basis of 
what you have learned in this chapter, answer the following. 
(a) How would the acidity of HAt compare to HI? 

(b) How would the acidity of HAtO, compare with HBrO,? 


2. HCIO, is a stronger proton donor than HNO,, but in water 
both acids appear to be of equal strength; they are both 
100% ionized. Why is this so? What solvent property would 
be necessary in order to distinguish between the acidities 
of these two Brgnsted acids? 


3. Explain why the oxide ion, O*, can function as a Lewis 
base but not as a Lewis acid. 


4. In the reaction of calcium with oxygen to form calcium 
oxide, each calcium gives a pair of electrons to an oxygen 
atom. Why isn’t this viewed as a Lewis acid-base reaction? 


5. Explain why 

(a) If the oxide of an element dissolves in water to give 
an acidic solution, the element is more likely to be a 
non-metal? 

(b) Many chromium salts crystallize as hydrates contain- 
ing the ion Cr(H,O),*. Solutions of these salts tend to 
be acidic. 

(c) Fe* is expected to give the more acidic solution than Fe”. 

(d) Ions of the alkali metals have little effect on the acid- 
ity of a solution. 
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10. 


11. 


12. 


13. 


14. 


15. 


16. 


. How are acidic, basic, and neutral solutions in water defined 


(a) in terms of [H*] and [OH] and (b) in terms of pH? 


. Explain how acids and bases suppress the ionization of 


water, often called the common ion effect. 


. Explain the leveling effect of water. 
. Identify the conjugate acid-base pairs in the following 


reactions. 
(a) HNO,+N,H, = NO;+N,H: 


(b) NH,+N,H; = NH; +N,H, 

(c) H,PO,;+CO; = HPO; +HCO; 

(d) HIO,+HC,O; =10;+H,C,O, 

Use Lewis structures to diagram the reaction 
CO,+H,0 > H,CO, 


Identify the Lewis acid and Lewis base in this reaction. 


(a) Hydrazine, N,H,, is a weaker Bronsted base than ammo- 
nia. In the following reaction, would the position of equi- 
librium lie to the left or to the right? Justify your answer. 


N,H; +NH, =N,H,+NH;j 
(b) Identify the two Brgnsted acids and two Brgnsted 
bases in the reaction 


NH,OH + CH,NH* = NH,OH* + CH,NH, 


Write the chemical equation for the ionization of each of 
the following weak bases in water. For each of the bases, 
write the appropriate K,, expression 

(a) (CH;),N (b) AsO; 

(c) NO, (d) (CH;),N,H, 

What criterion do we use to determine whether or not the 
equilibrium concentration of an acid or base will be effec- 
tively the same as its initial concentration when we calcu- 
late the pH of the solution? 


A solution of hydrazinium acetate is slightly acidic. 
Without looking at the tables of equilibrium constants, is 
K, for acetic acid larger or smaller than K, for hydrazine? 
Justify your answer. 


Write ionic equations that illustrate how each pair of com- 

pounds can serve as a buffer pair. 

(a) H,CO, and NaHCO, (the “carbonate” buffer in blood) 

(b) NaH,PO, and Na,HPO, (the “phosphate” buffer 
inside body cells) 

(c) NH,Cland NH, 


Citric acid, found in citrus fruits, is a triprotic acid, 
H,C,H;O,. Write chemical equations for the three-step 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 
26. 
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Numerical Problems 


ionization of this acid in water and the corresponding K, 
expressions. 


What simplifying assumptions do we usually make in work- 
ing problems involving the ionization of polyprotic acids? 
Why are they usually valid? Under what conditions do they 
fail? 

(a) When a formic acid solution is titrated with sodium 
hydroxide, will the solution be acidic, neutral, or basic 
at the equivalence point? 

When a solution of hydrazine is titrated by hydrochlo- 
ric acid, will the solution be acidic, neutral, or basic at 
the equivalence point? 

If you use methyl orange in the titration of CH,COOH 
with NaOH, will the end point of the titration corre- 
spond to the equivalence point? Justify your answer. 


(b) 


(c) 


The conjugate acid of a molecular base has the hypotheti- 
cal formula, BH’, which has a pK, of 5.00. A solution of a 
salt of this cation, BHY, tests slightly basic. Will the con- 
jugate acid of Y, HY, have a pK, greater than 5.00 or less 
than 5.00? Explain. 


Suppose a solution contains 0.0050 M Co” and is saturated 
with H,S (with [H,S] = 0.1 M). Would CoS precipitate if the 
solution has a pH of 3.5? (Hint: What relationship do we 
use to determine whether a precipitate is going to form in 
a solution?) 


Use Le Chatelier’s principle to explain how adjusting the 
pH enables the control of the concentration of C,O7 in a 
solution of oxalic acid, H,C,O,. 


A solution of MgBr, can be changed to a solution of MgCl, 
by adding AgCl(s) and stirring the mixture well. In terms of 
the equilibria involved, explain how this happens. 


Using Le Chatelier’s principle, explain how the addition 
of aqueous ammonia dissolves silver chloride. If HNO, is 
added after the AgCl has dissolved in the NH, solution, it 
causes AgCl to re-precipitate. Explain why. 


For PbCL;, K orm = 2.5 X 10". If a solution containing this com- 
plex ion is diluted with water, PbCl, precipitates. Write the 
equations for the equilibria involved and use them together 


with Le Chatelier’s principle to explain how this happens. 
Explain the buffering action in swimming pools. 


Acetic acid, CH,COOH, and sodium acetate, CH,COONa 
(this provides the acetate ion, CH,COO ), can be used to 
make an “acetate” buffer. Does the acetate ion or the acetic 
acid concentration increase when a strong acid is added to 
the buffer? Is it the acetate ion or acetic acid that decreases 
when a strong base is added to the buffer? Explain your 
answers. 


NUMERICAL PROBLEMS 


1. 


2. 


A soft drink was put on the market with [H’] = 1.4 x 
10° mol L". What is its pH? 


The interaction of water droplets in rain with carbon 
dioxide that is naturally present in the atmosphere causes 


rainwater to be slightly acidic because CO, is an acidic 
anhydride. As a result, pure clean rain has a pH of about 
5.7, What are the hydrogen ion and hydroxide ion concen- 
trations in this rainwater? 
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3. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


A solution was made by dissolving 0.837 g Ba(OH), in 
100 mL final volume. What is the molar concentration of 
OF in the solution? What are the pOH and the pH? What 
is the hydrogen ion concentration in the solution? 


. Asolution of HCl has a pH of 2.50. How many grams of HCl 


are there in 250 mL of this solution? How many grams of 
HClare in 250 mL of an HC! solution that has twice the pH? 


- How many milliliters of 0.0100 M KOH are needed to 


completely neutralize the HCl in 300 mL of a hydrochloric 
acid solution that has a pH of 2.25? 


. Suppose 38.0 mL of 0.000200 M HClis added to 40.0 mL of 


0.000180 M NaOH. What will be the pH of the final mixture? 


. What is the pH of a 3.0 x 10” M solution of HCI? 
. How many milliliters of 0.10 M NaOH must be added to 


200 mL of 0.010 M HCI to give a mixture with a pH of 3.00? 


. Milk of magnesia is a suspension of magnesium hydrox- 


ide in water. Although Mg(OH), is relatively insoluble, a 
small amount does dissolve in the water, which makes the 
mixture slightly basic and gives it a pH of 10.08. How many 
grams of Mg(OH), are actually dissolved in 100 mL of milk 
of magnesia? 


A 1.0M solution of acetic acid has a pH of 2.37 What per- 
centage of the acetic acid is ionized in the solution? 


A 0.20 M solution of a weak acid, HA, has a pH of 3.22. 
What is the percentage ionization of the acid? What is the 
value of K, for the acid? 


Periodic acid, HIO,, is an important oxidizing agent and a 
moderately strong acid. In a 0.10 M solution, [H™] = 3.8 x 
10° mol L". Calculate the K, and pK, for periodic acid. 


How many moles of NH, must be dissolved in water to give 
500 mL of solution with a pH of 11.22? 


Barbituric acid, HC,H,N,O, (abbreviated as H-Bar), is the 
parent compound of widely used sleeping drugs, the barbi- 
turates. Its pK, is 4.01. What is the [H’] and pH of a 0.020 
M solution of H-Bar? 


Calculate the pH of 0.40 M KNO,. What is the concentra- 
tion of HNO, in the solution? 


A weak base B forms the salt BHCI, composed of the ions 
BH* and Cl. A 0.15 M solution of the salt has a pH of 4.28. 
What is the value of K, for the base B? 
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23. 


24. 


25. 
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A student added 100 mL of 0.10 M NaOH to 250 mL of 
a buffer that contained 0.15 M CH,COOH and 0.25 M 
CH,COO’. By how much did the concentrations of 
CH,COOH and CH,COO' change after the addition of 
the strong base? 


. (a) What is the pH of a solution that contains 0.15 M 


CH,COOH and 0.25 M CH,COO? Use K, = 1.8 x 107 
for CH,COOH. 

(b) By how much will the pH change if 25.0 mL of 0.20 M 
NaOH is added to 500 mL of the buffer in the above 
case? 


How many grams of sodium formate, NaCHO,, would have 
to be dissolved in 1.0 L of 0.12 M formic acid (pK, 3.74) to 
make the solution a buffer for pH 3.50? 


How many milliliters of 0.15 M HCl would have to be 
added to the original 100 mL of the buffer described in 
Problem 19 to make the pH decrease by 0.05 pH unit? 
How many milliliters of the same HCl solution would, if 
added to 100 mL of pure water, make the pH decrease by 
0.05 pH unit? 


A solution contains calcium nitrate and nickel nitrate, each 
at a concentration of 0.10 M. Carbon dioxide is to be bub- 
bled in to make its concentration equal 0.030 M. What pH 
range would make it possible for the carbonate of one cat- 
ion to precipitate but not that of the other? 


Gold(III) chloride has K,, = 3.2 x 10. Calculate the 
molar solubility of gold(II) chloride in (a) pure water, 
(b) 0.010 M HCI solution, (c) 0.010 M MgCl, solution and 
(d) 0.010 M Au(NO,), solution. 

AuCl(s) = Au* + 3Cl K,, = [Au"J[Cr}?’ =3.2 x 10” 
In an experiment 2.20 g of NaOH(s) is added to 250 mL 
of 0.10 M FeCl, solution. What mass of Fe(OH), will be 
formed? What will the molar concentration of Fe** be in 
the final solution? 


Suppose 50.0 mL each of 0.0100 M solutions of NaBr and 
Pb(NO,), are poured together. Does a precipitate form? 
If so, calculate the molar concentrations of the ions at 
equilibrium. 

Calculate the pH at equivalence point when a solution 
of 0.10 M acetic acid is titrated with a solution of 0.10 M 
NaOH solution. (Given that K, for acetic acid = 1.9 x 10~.) 


ADDITIONAL OBJECTIVE QUESTIONS 


Single Correct Choice Type 


1: 


In the hydrolytic equilibrium AT + H,O = HA + OH, 
K, =1.0 x 10° the degree of hydrolysis of 0.001 M solution 
of the salt is 
(A) 10° 
(C) 10° 


(B) 10* 
(D) 10°. 


. If S is the solubility of a sparingly soluble salt M,X,, its 


solubility product is equal to 
(A) 9S" 
(C) 6S’ 


(B) 278° 
(D) 108° 


3. 


Lewis base among the following can be 
(A) NO, (B) SiO, 
(C) GeO, (D) None of these 


. Which of the following is the strongest acid ? 


(A) HClO, dissolved in glacial CH,COOH 
(B) HClO, dissolved in H,O 

(C) H,SO, dissolved in H,O 

(D) Glacial CH,;COOH dissolved in H,O. 


. Neutralization reaction according to Lewis concept is a 


formation of 


(A) salt and water. (B) acid-base adduct. 
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10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


. Liquid ammonia ionizes to a slight extent. At 50°C, its ionic 


product is Ky,,, =[NH;][NH;]=10~. How many amide 
ions, NH; are present per mm’ of pure liquid ammonia? 

(A) 6.023 x 10” (B) 6.023 x 10" 

(C) 6.023 x 10° (D) 6.023 x 10°”. 


. The degree of dissociation of pure water at 25°C is found to 


be 1.8 x 10°. Find K,, and K, at 25°C. 
(A) 3.24x 10%;5.83 x10” (B) 1x10;1.8 x10" 
(C) 18x10" 1x10" = (D) 1103110 


- How much water must be added to 300 mL of 0.2 M solu- 


tion of CH,COOH for the degree of dissociation of the 
acid to double? K, for the acetic acid = 1.8 x 10°. 

(A) 900 mL (B) 1000 mL 

(C) 500 mL (D) 300 mL 


- To a 100 mL solution of 0.1 M CH,COONa and 0.1 M 


CH,COOH, 0.4 g of solid NaOH was added. Assuming vol- 
ume remains constant, calculate the change in pH value? 
Given that pK, (CH,COOH) = 4.74. 

(A) 0.125 (B) 0.225 

(C) 0.01 (D) 0.872 

In the hydrolytic equilibrium B* + HO = BOH + H’,K,= 
1x 10°. The hydrolysis constant is: 

(A) 10° (B) 10° 

(C) 10°” (D) 10° 


The solubility product of BaSO, is 1.5 x 10°. The precipi- 
tation in a 0.01 M Ba” ions solution will start on adding 
H,,SO, of concentration: 

(A) 10°M (B) 10°M 

(C) 107M (D) 10°M 


Let the solubilities of AgC1 in H,O, 0.01 M CaCl; 0.01 M 
NaCl and 0.05 M AgNO, be S, S$}, S;, S, respectively. 

What is the correct relationship between these quantities? 
(A) S,>S,>5,>S, (B) S,>S,=S,>S, 

(C) SS, > 8, >8,>'8, (D) S,>58,; 2:5, > 8, 


pH of a mixture of HA and A’ buffer is 5. K, of A” = 10°"°. 
Hence [HA]/[A_] will be: 


(A) 1 (B) 10 

(C) 0.1 (B) 100 

Calculate the [H,O*] of blood, the pH of which is 73 
(slightly basic) 

(A) 5x10°M (B) 6x10°M 

(C) 5x10°M (D) 4x 107M 


How many grams of CaC,O, will dissolve in one liter of 
saturated solution? K,, of CaC,O, is 2.5 x 10° mol” and its 
molecular weight is 128. 

(A) 0.0064 g (B) 0.0128 g 

(C) 0.0032 g (D) 0.0640 g 


A solution of HC1 is diluted so that its pH changes by 0.3. 
How does concentration of H* ion change? 

(A) 0.5 times of initial value (B) 0.3 times of initial value 
(C) 10° times increases (D) None of these 


The pH of a 0.01 M solution of acetic acid is 
(A) 2. (B) less than 2. 
(C) greater than 2. (D) cannot be predicted. 
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Additional Objective Questions 


One drop of which of the following solution will give pink 
color with potassium hydroxide solution? 

(A) Methyl orange (B) Methyl red 

(C) Bromothymol blue (D) Phenolphthalein 


The pH of 0.1 M solution of the following salts increases in 
the order of (IIT-JEE 1999) 
(A) NaCl < NH,Cl < NaCN < HCl 
(B) HCl < NH,Cl < NaCl < NaCN 
(C) NaCN < NH,Cl < NaCl < HCl 
(D) HC < NaCl < NaCN < NH,Cl 


Arrhenius theory of acid-base is not applicable in 
(A) aqueous solution. (B) presence of water. 
(C) non-aqueous solutions. (D) none of these. 


Which of the following is not Bronsted acid? 

(A) NH} (B) HPO 

(C) AICI, (D) CH,COOH 

Which of the following is not the characteristics of an acid? 
(A) Turns blue litmus to red. 

(B) Turns phenolpthalein pink from colorless. 

(C) Decomposes carbonates. 

(D) Forms oxy compounds of non-metals. 


The compound which is not a Lewis acid is 

(A) BF, (B) AICI, 

(C) SnCl, (D) BeCl, 

The pH of 0.1 M CH,COOH is 2.873. What is pH of 0.1 M 
NH,OH? [K,(CH,COOH) = 1.8 x 10° and K,(NH,OH) = 
1.8 x 10°} 

(A) 11.127 (B) 2.873 

(C) 7 (D) 9.53 

If the K, value in the hydrolysis reaction, B+H,O= 


BOH +H’; is 1.0 x 10°, then the hydrolysis constant of the 
salt would be 


(A) 1.0 x 10° (B) 10x 107 
(C) 1x 10° (D) 1.0x 10° 
The solubility products of Al(OH), and Zn(OH), are 


8.5 x 10 and 1.8 x 10, respectively. If NH,OH is added 
to a solution containing Al* and Zn” ions, then substance 
precipitated first is 

(A) Al(OH), (B) Zn(OH), 

(C) both A and B (D) none of these. 

The solubility product of AgCl in water at 25°C is 1.6 x 
10°”°. Its solubility in the presence of 0.1 M HClis 

(A) 1.26 x 10° (B) 2.52x107 

(C) 16x 10° (D) 16x 10% 


Strength of an acid can be explained on the basis of 
(A) its concentration in solution. 

(B) its degree of ionization. 

(C) both A and B are required. 

(D) It is an inherent property of acid. 


Which of the following indicates the correct order of acidic 
strength of the following acids? 
(1) HCOOH (K, =18 x 10%) 
(II) CH,COOH (K, =1.8 x 10°) 
(II) HCN (K, =4.8 x 107°) 
(IV) HS (K,=1x 10) 
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30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


(A) I> > Tl>IVv (B) IV>I>II>I1 
(C) I> >I>IVv (D) I> UK KIV 


In a saturated solution of silver chromate in pure water at 
25°C, the concentration of chromate ion is 2 x 107 mol L™. 
The solubility product of silver chromate is 

(A) 2x 10° (B) 4x10° 

(C) 3.2x10 (D) 3.2x 10" 

Calculate the pOH and pH ofa 0.1 M CH,COOH solution 
(K,= 1.8 x 10°). There is 75 x 10° % yield of OH ions in 
the given reaction CH,COO” + H,O = CH,COOH + OH” 


(A) 6.12, 788 (B) 4.12, 9.88 
(C) 5.13, 8.87 (D) None of these 
pH of 0.01 M HS will be 


pk, 


(A) pH =7+ Pha, 08C (B) pH=7-PAa gee 


2 2 

(C) ps pee soa eee) (D) pH=7+( PR. +PAy) 

2 eT 
A sample of 100 mL of 0.10 M acid HA (K, = 1 x 10°) 
is titrated with standard 0.10 M KOH. How many mL of 
KOH will have to be added when the pH in the titration 
flask will be 5.00? 
(A) 0 (B) 10 
(C) 100 (D) 50 
1.458 g of Mg reacts with 80.0 mL of HCl solution whose 
PH is —0.477 The change in pH after all Mg has reacted is 
(Assume constant volume. Mg = 24.3 g mol” and log 3 = 
0.477) 
(A) -0.176 (B) + 0.477 
(C) -0.2385 (D) 0.3 
0.1 mol of CH,NH,(K, =5x10“) is mixed with 0.08 mol 
of HCI and diluted to 1 L. What will be the H” ion concen- 
tration in the solution? 
(A) 8x10° M (B) 8x10"'M 
(C) 16x10" M (D) 8x10°M 


A buffer solution contains 100 mL of 0.01 M CH,COOH 
and 200 mL of 0.02 M CH,COONa 700 mL of water 
is added. The values of pH before and after dilution are 


(pK, = 4.74) 
(A) 5.04, 5.04 (B) 5.04, 0.504 
(C) 5.04, 1.54 (D) 5.34, 5.34 


A solution contains 0.1 M HLS and 0.3 M HCL Calculate 
the conc. of S* and HS ions in solution. Given 
K,, and K,, for H,S are 10 and 1.3 x 10~”, respectively. 


(A) 1.44x10°°,3.3x107  (B) 1.44x10,3.3x10% 
(C) 1.44x10,3.3x10°  (D) 1.44x10°%,3.3x10° 


To a 100 mL solution of 0.1 M CH,COONa and 0.1 M 
CH,COOH, 0.4 g of solid NaOH was added. Assuming 
volume remains constant, the change in pH value will be 
(pK, of CH,COOH = 4.74) 

(A) 0.125 (B) 0.225 

(C) 0.01 (D) 0.0872 


What is the pH of the solution when 0.2 mol of hydrochlo- 
ric acid is added to 1 L of a solution containing (a) 1 M 
each of acetic acid and acetate ion and (b) 0.1 M each of 
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acetic acid and acetate ion? Assume that the total volume 
is 1 L. K, for acetic acid = 1.8 x 10°. 


(A) 4.57.2 (B) 4.571 
(C) 5.571 (D) 5.57.2 
Two buffers, (X) and (Y) of pH 4.0 and 6.0, respectively, are 


prepared from acid HA and the salt NaA. Both the buff- 
ers are 0.50 M in HA. What would be the pH of the solu- 
tion obtained by mixing equal volumes of the two buffers? 
(Ky, = 1.0 x 10°). 


(A) 4.7033 (B) 5.7033 
(C) 6.7033 (D) 8.7033 
To what volume must one liter of 1 M CH,COOH solu- 


tion be diluted so that the pH of resulting solution becomes 
twice the original value. [Given: K, = 1.8 x 10°] 

(A) 2.78 x 10° (B) 2.78 x 10° 

(C) 2.78 x 10° (D) 2.78 x 10° 


An acid-base indicator has K, of 3 x 10°. The acid form of 
the indicator is red and the basic form is blue. By how much 
must the pH change in order to change the indicator from 
75% red to 75% blue? 


(A) 1.95 (B) 2.95 
(C) 0.95 (D) 3.95 
The indicator used for the titration of a weak base and 


strong acid is 
(A) methyl orange. 
(C) phenol red. 


(B) phenophthalein. 
(D) litmus paper. 


Ammonium ion is a 
(A) Lewis acid. (B) Lewis base. 
(C) Bronsted acid. (D) Bronsted base. 


When a 0.1 N solution of an acid at 25°C has a degree of 
ionization of 8%, the concentration of OH present is 

(A) 1.25 x 10° (B) 1.25x10" 

(C) 125x107” (D) 1.25x10" 


A solution has 0.05 M Mg” and 0.05 M NH,. Calculate the 
concentration of NH,Cl required to prevent the formation 
of Mg(OH), in solution. K, jou, = 9-0 X 10 and ioniza- 


tion constant of NH, is 1.8 x 10°. 


(A) 4.123 M. (B) 0.67 M. 
(C) 5.267 M. (D) 0.067 M. 
When equal volumes of the following solutions are mixed, 


precipitation of AgCl (K = 1.8 x 10) will occur only with 
(A) 104M (Ag*) and 104 M (CI) 
(B) 10° M (Ag*) and 10° M (CI) 
(C) 10° M (Ag*) and 10° M (CI) 
(D) 107M (Ag*)and 107M (CI) 


The correct order of increasing [H,O*] in the following 

aqueous solution is 

(A) 0.001 M H,S < 0.01 M H,SO,< 0.01 M NaCl < 0.01 M 
NaNO, 

(B) 0.01 M NaCl < 0.01 M NaNO, < 0.01 MHS < 0.01 M 
H,SO, 

(C) 0.01 M NaNO, < 0.01 M NaCl < 0.01 M HLS < 0.01M 
H,SO, 

(D) 0.01 M HS < 0.01 M NaCl < 0.01 M NaNO, < 0.01M 
H,SO, 
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To a 50 mL of 0.1 M HCI solution, 10 mL of 0.1 M NaOH is 
added and the resulting solution is diluted to 100 mL. What 
is change in pH of the HCI solution? 

(A) 4.398 (B) 0.398 

(C) 0.1 (D) None of these 


What amount of solid sodium acetate be added into 1 L of 
the 0.1 M CH,COOH solution so that the resulting solu- 
tion has pH almost equal to pK, (CH,COOH) = 4.74? 

(A) 12g (B) Sg 

(C) 10g (D) 14.924 g 


Which of the following sulphides has maximum solubility 
in water? 

(A) CdS (K,,=36x10) (B) FeS (K,,=11x10™) 
(C) HgS (K,, = 32 x 10“) (D) ZnS (K,,=11x 10”) 


Law of mass action can be applied to aqueous solutions of 

weak electrolyte since 

(A) reaction is always carried out in a closed vessel. 

(B) pressure, temperature of surroundings remain constant. 

(C) state of equilibrium exists between the ionized and 
unionized molecules. 

(D) nothing can be predicted. 


Given [Ag(NH,),]° = Ag* + 2NH,, K, = 6.2 x 10° and 
K asc) = 1.8 x 10° at 298 K. Calculate the concentration 
of the complex in 1.0 M aqueous ammonia. 

(A) 0.539 (B) 0.239 


(C) 1.539 (D) 0.812 


pH of a buffer containing 6.0 g of CH,COOH and 8.2 g of 
CH,COONa in 1 L of water is (pK, = 4.5) 

(A) 75 (B) 4.5 

(Cy 5.5 (D) 6.5 


After the dissolution of a sparingly soluble salt, if hydroly- 
sis of any one of the ions will occur, then 

(A) solubility of salt decreases. 

(B) solubility of salt increases 

(C) there will be no effect on solubility. 

(D) cannot be predicted. 


The compound whose 0.1 M solution basic is 
(A) ammonium chloride. |(B) ammonium acetate. 
(C) ammonium sulphate. (D) sodium acetate. 


Buffering action of a mixture of CH,COOH and CH,COONa 
is maximum when the ratio of salt to acid is equal to 

(A) 1.0 (B) 100.0 

(C) 10.0 (D) 0.1 

Weak acid HX has the dissociation constant 1 x 10°. It 
forms a salt NaX on reaction with alkali. The percentage 
hydrolysis of 0.1 M solution of NaX is 


(A) 0.0001 (B) 0.01 

(C) 0.1 (D) 0.15 

The pOH of 10° M HCl is 

(A) 8. (B) 6. 

(C) between 6 and 7 (D) between 7 and 8. 


For preparing a buffer solution of pH = 6 by mixing sodium 
acetate and acetic acid, the ratio of concentration of salt 
and acid (K, = 10°) should be 

(A) 1:10 (B) 10:1 

(C) 100:1 (D) 1:100 
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Additional Objective Questions 


pH of a saturated solution of Ba(OH), is 12. Hence, K,, of 
Ba(OH), is 

(A) 5x 107 M? (B) 5x10* M? 

(C) 1x10° M* (D) 4x10° M? 

An acid solution of pH = 6 is diluted thousand times. The 
pH of solution becomes approximately. 

(A) 6.99 (B) 6 

(C) 4 (D) 9 

Calculate the pH at the equivalence point of the titra- 


tion between 0.1 M CH,COOH with 0.05 M NaOH 
[K,(CH,COOH) = 1.8 x 10°).] 


(A) 4.75 (B) 5.63 
(C) 6.63 (D) 3.63 
The self-ionization constant for pure formic acid, 


K =[HCOOH3][HCOO ] has been estimated as 10° at 
room temperate. What percentage of formic acid mol- 
ecules in pure formic acid are converted to formate ion? 
The density of formic acid is 1.22 g cm”. 


(A) 0.0037 (B) 0.037 
(C) 0.37 (D) 1.037 
The average concentration of SO, in the atmosphere over 


a city on a certain day is 10 ppm. What is the pH when 
the average temperate is 298 K. Given that the solubility 
of SO, in water at 298 K is 1.3653 mol L™ and the pK, of 
H,,SO, is 1.92, the pH of rain on that day is 


(A) 4.865 (B) 3.865 
(C) 5.865 (D) 6.865 
How much Ag® would remain is solution after mixing 


equal volumes of 0.080 M AgNO, and 0.08 N HOCN. 
Given that K,, of AgOCN = 2.3 x 10 and K, of HOCN = 
3.3x 107%. 


(A) 5x10°M (B) 5x10*M 
(C) 5x10°M (D) 5x10°7M 
A solution of HCl is diluted so that its pH changes by 0.3. 


How does the concentration of H* ion change? 
(A) 0.5 times of initial value 

(B) 0.6 times of initial value 

(C) 10° times increases 

(D) 0.2 times of initial value 


A weak base (BOH) with K, = 10° is titrated with a strong 


acid, HCl. At three-fourth of the equivalent point, pH of 
the solution is 


(A) 5+ log3 (B) 14-55 -log3 
(C) 14-5 +log3 (D) 9.523 
An aqueous solution contains 10% ammonia by mass 


and has density of 0.99 g cm™*. The pH of this solution is 
[K, for =5 x 10°" M]. 


(A) 11.033 (B) 12.033 
(C) 9.033 (D) 7.2033 
A solution of 0.010 M CdCl, containing 0.010 M NH,. 


What concentration of NHj ion from NH,Cl is necessary 
to prevent the precipitation of Cd(OH),? (K,, = 2 x 10" 
and K, for NH,OH = 1.8 x 10°) 

(A) 0.13 M (B) 0.23M 

(C) 0.33 M (D) 113M 
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71. 


72. 


73. 


74. 


75. 


A weak acid HA after treatment with 12 mL of 0.1 M 
strong base BOH has a pH of 5. At the end point, the vol- 
ume of same base required is 26.6 mL. The K, of acid is 
(A) 8.219 x 1° (B) 8.219 x 107 

(C) 8.219 x 10° (D) 8.219 x 10% 


Nicotinic acid (K, = 1.4 x 10°) is represented by the formula 
HNic. Calculate its percent dissociation in a solution which 
contains 0.10 mol of nicotinic acid per 2.0 L of solution. 
(A) 2.67 (B) 1.87 

(C) 1.67 (D) 1.37 


The ratio of pH ofa solution containing 1 mol of CH,COONa 
+ 1 mol of HC! per liter and of other solution containing 1 
mol CH,COONa + 1 mol of acetic acid per liter will be 

(A) 1:2 (B) 2:1 

(C) 1:3 (D) 3:1 

An acid type indicator, HIn, differs in color from its con- 
jugate base (In). The human eye is sensitive to color dif- 
ferences only when the ratio [In |/[HIn] is greater than 10 
or smaller than 0.1. What should be the minimum change 
in pH of the solution to observe a complete color change? 
(K,=1.0x10°). 

(A) 3 (B) 2 

(C) 1 (D) 4 

Solid AgNO, is added to a solution which is 0.1 M in Cl 
and 0.1 M in CrO}. K,, values for AgCl and Ag,CrO, 
are 1.7x 10°’ and 1.9 x 10””, respectively. The concentration 
of Cl when Ag,CrO, starts precipitating will be 

(A) 3.9 x 10°M (B) 2.9x10°M 

(C) 3.9x10°M (D) 19x 10°M 


Multiple Correct Choice Type 


1. 


Correct options for the following reaction is NH, + H,O = 
NH; +OH™ 
(A) K, 


(C) K 


ee + Kyu, = 10% (B) KB oes x Kyou, = 1/K,, 


a(NH} ) x Ky) =K, (D) PKs) + PK ywn,) =14 


. The ionization constant of acetic acid is 1.74 x 10°. [Given 


log 9.3 = 0.97]. The correct options are 

(A) The degree of dissociation of acetic acid in its 0.05 M 
solution is 1.86 x 10°. 

(B) The concentration of acetate ion in the solution is 
9.3 x 10“ mol L™. 

(C) pH of acetate ion in the solution is 3.03. 

(D) pH of acetate ion in the solution is 5.12. 


. Al L solution of pH = 1 diluted upto 10 times. What vol- 


ume of a solution with pH = 2 is to be added in diluted 
solution so that pH does not change 

(A) 1L (B) 10L 

(C) 100 L (D) 25L 


. When HCl(g) is passed through a saturated solution of 


common salt, pure NaCl is precipitated because 

(A) HClis highly soluble in water. 

(B) The ionic product [Na] [Cl] exceeds its solubility 
product (K,,). 

(C) The K,, of NaCl is lowered by the presence of CI ions. 

(D) HCl causes precipitation. 
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. Identify the correct statement(s) 


(A) The solubility of HCN exceeds the square root of its K,, 

(B) When 1 mol of HCl is reacted with 1 mol of aniline 
in aqueous solution, the resulting solution has a 
pH of 7 

(C) Titration curves for the titration of 0.1 M oxalic acid 
with 0.1 M NaOH and 0.2 M oxalic acid with 0.2 M 
NaOH both pass through the same pH at the first 
equivalence point. 

(D) A solution prepared by dissolving 0.1 mol of H,PO, 
in 250 mL solution will have [H,PO,] + [H,PO;] + 
[HPO;] + [PO;]=0.4 M. 


. Which of the following is the correct expression of degree 


of dissociation for weak acid. (Assume @ << 1). 


A a 
a Ke 
K,xC 
B a 
(B) \K, 
(©) A. x4 
\ K, of conjugate base C 


(D) WK of conjugate base x C 


. When weak base solution (50 mL of 0.1 N NH,OH) is 


titrated with strong acid 0.1 N HCl, the pH of solution 
initially decreases fast and then decreases slowly till near 
equivalence point as shown in Fig. 10.13. Which of the fol- 
lowing is true? 


A 


20 40 60 
Volume of 0.1 N HCl 
solution added 


Figure 10.13 


(A) The slow decrease of pH is due to the formation of an 
acidic buffer solution after addition of some HCl. 

(B) The slope of shown pH graph will be minimum when 
25 ml of 0.1 NHCI is added. 

(C) The slow decrease of pH is due to formation of a basic 
buffer solution. 

(D) The initial fast decrement in pH is due to fast con- 
sumption of free OH ions by HCl. 
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8. At what pH at 100°C, the solution will be basic (K,, at 
100°C is 5.6 x 10") 
(A) 7 (B) 6.125 
(C) 6.9 (D) 71 


9. Let the color of the indicator HIn (colorless) will be vis- 
ible only when its ionized form (pink) is 25% or more in a 
solution. Suppose HIn (pK, = 9.0) is added to a solution of 
pH =9.6 predict what will happen. (Take log 2 = 0.3) 

(A) Pink color will be visible. 

(B) Pink color will not be visible. 

(C) % of ionized form will be less than 25%. 
(D) % of ionized form will be more than 25%. 


10. The pH values of 0.1 M and 0.01 MNH,C1 are 5.128 and 
5.628, respectively. Choose the correct statement (s) from 
the following 
(A) If dilution is the only factor, the pH should be 6.128 
instead of 5.628. 

(B) The given value suggests that NH, ion dissociates 
more in a more dilute solution. 

(C) The degree of hydrolysis of NH,* ion is about 1000 
times less for the dilute solution. 

(D) A 0.01 M solution of NH,CI is less acidic than 0.1 M 
solution. 


11. For K,, (AgCl) =2.8 x 10°. Choose the correct statements. 

(A) Solubility of AgCl(s) in pure water is 1.673 x 10° mol L*. 

(B) Solubility of AgCl(s) in a solution of 0.1 M NaCl at 
25°C is 2.8 x 10° mol L™. 

(C) Solubility of AgClI(s) in pure water is 1.256 x 10° mol L”. 

(D) Solubility of AgCl(s) in a solution of 0.1 M NaCl at 
25°C is 1.4.x 10° mol L. 


12. When equal volumes of the following solutions are mixed, 
precipitation of AgCl (K,, = 1.8 x 10”) will occur only with 
(A) 10“M [Ag*] and 10“M [HCl] 
(B) 10° M [Ag*] and 10°M [CI] 
(C) 10°M [Ag*] and 10°M [CI] 
(B) 10° M[Ag*] and 10°M [CI] 

13. Which of the following will suppress the ionization of 
phthalic acid in an aqueous solution? 
(A) KCl (B) H,SO 
(C) HNO, (D) NaOH 

14. Buffer solution A of a weak monoprotic acid and its sodium 
salt in the concentration ratio x: y has pH = (pH),. Buffer 
solution B of the same acid and its sodium salt in the con- 
centration ratio y:x has pH = (pH)),. If (pH), — (pH), = 
1 unit and (pH), + (pH), = 9.5 units, then 
(A) pK, =4.75 (B) x/y =2.36 
(C) x/y = 3.162 (D) pK, =5.25 


Assertion-Reasoning Type 


Choose the correct option from the following: 
(A) Statement 1 is True, Statement 2 is True; Statement 2 is 
a correct explanation for Statement 1. 
(B) Statement 1 is True, Statement 2 is True; Statement 2 is 
NOT a correct explanation for Statement 1. 
(C) Statement 1 is True, Statement 2 is False. 
(D) Statement 1 is False, Statement 2 is True. 
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Additional Objective Questions 


1. Statement 1: If equal volumes of 0.002 M solutions of 
sodium iodate and copper chlorate are mixed together then 
copper iodate will precipitate. [K,, (Cu(IO,),) = 7.4 x 10°]. 
Statement 2: The ionic product in the solution relative to 
Cu(IO,), is less than the K,, for copper iodate. 

2. Statement 1: Upon dilution, degree of hydrolysis of a salt 
increases except in case of salt of weak acid and weak base. 
Statement 2: Upon dilution, K, of a salt increases. 


3. Statement 1: Weak acid + Salt of this acid with a strong 
base will behave like a buffer. 


Statement 2: Weak base + Salt of this base with a strong 
acid behave like a buffer. 


4. Statement 1: Ammonium chloride is acidic in liquid ammo- 
nia solvent. 


Statement 2: The strongest acid and base that can exist in 
self-ionizing solvent are the characteristic cation and anion, 
respectively. 


5. Statement 1: The solubilities of AgCl in water (S,), 0.01 M 
(S,) CaCl, 0.01 M (S,) NaCl are S, > S, > S,. 
Statement 2: Solubility decreases with increasing common 
ion concentration. 


6. Statement 1: pH of buffer changes with temperature. 


Statement 2: Ionic product of water (K,) changes with 
temperature. 


7. Statement 1: A solution of 2 : 1 molar ratio of CH,COONa 
and HCl results an acidic buffer. 


Statement 2: An acidic buffer is a mixture of weak acid and 
its salt with strong base. 


8. Statement 1: The addition of silver ions to a mixture of 
aqueous sodium chloride and sodium bromide solution, 
will first precipitate AgBr rather than AgCl. 


Statement 2: The value of K,, of AgCl < K,, of AgBr. 


Comprehension Type 
Read the paragraphs and answer the questions that follow. 


Paragraph I 

A buffer solution is resistant to change of pH on the addition 
of a small amount of acid or base. These solutions usually con- 
sist of a mixture of a weak acid and salt of its conjugate base, 
example, acidic buffers such as CH,COOH and CH,COONa 
or mixture of a weak base and salt of its conjugate acid, exam- 
ple, basic buffers such as NH,OH and NH,Cl1. A salt of a weak 
acid and a weak base, like CH,COONH, also has a buffering 
action. The pH of an acidic buffer and basic buffer is expressed 
by Henderson—Hasselbach equations as 


pi=pk os [conjugate base} 
[weak acid] 


conjugate base] 


[ 
OH = pK, +1 
. Pee [weak acid] 


But limitation of the above equations is that these equations 
are applicable for buffer solutions that fit the following criteria 
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(a) The ratio of [conjugate base] to [weak acid] has a value 
between 0.1 and 10. 
(b) Both [conjugate base] and [weak acid] > K, by a factor of 
100 or more. 
The resistance to the change in pH on the addition of an 
acid or alkali is called buffer action and is measured by 
buffer index (B.1.) 


_ Moles of base added to 1 L buffer solution 
7 Change in pH 


B.I. 


B.I. is maximum when the acid and the salt are present in 
equal concentrations. 


1. The acetate—acetic acid buffer is suitable in the pH (assume 
K,, of CH,COO = 10°”) 
(A) -10 (B) -6 
(C) -7 (D) 5.5-75 

2. A solution of pH = 6 will be maintained by acidic buffer. 
Below are the few options given to a chemist. Which option 
will the chemist choose? 
(A) K, of A-=10° 
(B) HB (0.01 M), NaB (1 M) K, of B=10°” 
(C) K, of X =10° 
(D) Any one of these 

3. pH of a mixture of 1 M benzoic acid (pK, = 4.20) and 
1 MC,H;COONa is 4.5. What is the volume of benzoic acid 
required to prepare a 300 mL buffer [log 2 = 0.3] ? 


(A) 200 mL (B) 150 mL 
(C) 100 mL (D) 50mL 
Paragraph II 


A solution of weak acid HA was titrated with base NaOH. The 
equivalence point was reached when 20 mL of 0.1 M NaOH has 
been added. K, of HA = 10°. 


4. pH when 10 mL of 0.1 M HCl is added in the titrated solution is 


(A) 3 (B) 7 
(Cy (D) 10 
5. pH of the solution obtained by mixing 10 mL 0.2 M NaOH 
and 10 mL of 0.2 M HA is 
(A) 7 (B) 9 
(Cy 11 (D) 5 


6. 18.25 g of HCl, 41 g of CH,COONa and 30 g of CH,COOH 
are mixed in a container and volume is made upto 10 L. Final 
pH of solution is [K, of CH,COOH at 25°C = 1.8 x 10° ] 


(A) 2.37 (B) 13 
(C) 03 (D) 2.87 
Paragraph Il 


K,, of CdS =8 x 10, K,, of ZnS =1 x 10, K, of HS =1x 10™ 
7. Which metal sulphide is precipitated first when H,S is 
added? 
(A) ZnS (B) Cds 
(C) Both at the same time (D) Both do not form ppt. 
8. What [H”] must be maintained in a saturated H.S (0.1 M) 
to precipitate CdS but not ZnS, if [Cd‘?] = [Zn*?] = 0.1 M 


initially? 
(A) >0.1M (B) >0.01 
(C) >0.2M (D) > 0.02 M 
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9. When ZnS starts precipitating. What is the concentration 


of Cd’ is left? 

(A) 8x10” (B) 0.1 

(Cc) Axio” (D) 2x 10° 
Paragraph IV 


The degree of dissociation of weak electrolyte is inversely 
proportional to the square root of concentration. It is called 
Ostwald dilution law 


a= 
Cc 


As the temperature increases, the degree of dissociation 
will increase. 


o% [Ka 
a, Ky 


a (Careers 
—l= |— if acid is same. 
a, C, 


10. 0.01 M CH,COOH has 4.24% degree of dissociation. The 
degree of dissociation of 0.1 MCH,COOH will be 


if concentration is same 


(A) 1.33% (B) 4.24% 
(C) 5.24% (D) 0.33% 
11. pH of 0.005 M HCOOH [K, =2x 10%] is equal to 
(A) 3 (B) 2 
(C) 4 (D) 5 
12. Which of the following is the strongest acidic solution? 
(A) pH=1 (B) pH=2 
(C) pH=3 (D) pH=4 


13. a, and @, are in ratio of 1:2 where K,, = 2x 10~. What will 
be the value of K,, 
(A) 8x10" 
(C) 4x10" 


(B) 2x10“ 
(D) 1x10~ 


Integer Answer Type 


The answer is a non-negative integer. 


1. What will be the pH of the resulting solution obtained 
by mixing 10 mL of 0.1 N HCI and 990 mL solution of 
NaCl? 


2. The pH of an aqueous solution of a sparingly soluble metal 
hydroxide M(OH), with [M**] = 0.05 M and solubility 
product 5 x 10-° mol’ dm” at 298 K is i 

3. What will be pH of 1 L of a buffer solution containing 0.01 
M NH,Cl and 0.01 M NH,OH having pK, = 5? 

4. For the reaction involving oxidation of ammonia by oxygen 
to form nitric oxide and water vapor, the equilibrium con- 
stant has the units (bar)”. Then 7 is 


5. What will be pH of the solution of the salt of weak acid and 
weak base? (K,=1x 10° and K,=1 x10"). 
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Answers 
Matrix—Match Type (C) Salt of weak base and 1 ; 
i r) —[pK, —pkK, —logC 
1. K,and K, are first and second ionzation constants of H,CrO,. Barone Acie ©) 2 pe PAy ieee 
K, is dissociation constant for NH,. Match the following: (D) Salt of weak acid and 1 
weak base (s) 5 PKw 
Column | Column II 
(A) 0.1 MH, CrO, (p) pH =7 + I/2pK, - /2pK, 3. Match the substance with the degree of hydrolysis. 
(B) 0.1 M KHCrO, (q) pH =7+ 1/2pK, + I/21og C Palanan! Cala 
(C) 0.1 M(NH,),CrO, — (r) pH =1/2pK, — 1/2 logC (A) NH,Cl (p) No hydrolysis 
(D) 0.1 M K,CrO, (s) pH = 1/2 (pK, + pK,) (B) NaCI Zz 
(q) h=,|5* 
2. Match the salt with the pH expression. a) Cc 
K,, 
Column | Column II (C) CH,;,COONa (r) ea ara 
b 

(A) Salt of strong acid 1 

and strong base (p) 3 PK. +pK, —pK,] (D) CH,COONH, (s) h=K, 
(B) Salts of weak acid and 1 (t) pH <7 at 25°C 

strong base (q) 3lPKy +pK, —logC] 


Review Questions 


2. We would need a solvent that is a weaker proton acceptor than H,O. 
3. It has a complete valence shell. 


6. (a) Neutral solution: [H*] = [OH] = 1.0 x 10” M; pH = 700; (b) Acidic solution: [H*] > [OH]; pH < 7.00; (c) Basic solution: [H*] 
< [OH ]; pH > 700 


11. (a) The equilibrium lies to the right since reactions favor the weaker acid and base. (b) Acids: CH,NH;, NH,OH’; bases: 
NH,OH, CH,NH, 


13. [HA]; iia < 400 x K, or if the % ionization => 5% 
14. Larger 

18. (a) Basic; (b) acidic; (c) No. 

19. pK, for HY is greater than 5 

20. Yes. 


26. Concentration of CH,COOH will increase; concentration of the acetic acid will decrease. 


Numerical Problems 


1. 4.85 2. 2.0x 10° M;5.0x10°M 3. 102x10°M 
4. 2.9x 10° g:9.1x 10° g 5. 168 mL 6. 5.28 
7. 6.48 8. 18 mL 9. 35x10" g 
10. 0.43% 11. 0.30%; 1.82 x 10° 12. 2.3 x 107316 
13. 0.075 mol 14. 1.35 x 10°; 2.87 15. 8.37;2.4x10°M 
16. 5.6x107 17. A[CH,COOH] = -0.07 M; 18. (a) 4.97 (b) —0.04 pH units 
A[ CH,COO |] = —0.04 M 
19. 4.72 20. 41 mL 
21. CaCO, will precipitate and NiCO, 22. (a) 3.3 x 107M; 23. 2.2 g solid Fe(OH),; 
will not precipitate if [CO}] > 4.5 x 10° (b) 3.2 x 10°" M; [Fe] =2.0x 10°" M 
and [CO}] < 1.3 x 10° (c) 4.0 x 10° M; 


(d) 1.1x10°M 


24. No precipitate will form. 25. 8.71 : 
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Additional Objective Questions 
Single Correct Choice Type 


1. (A) 2. (D) 3. (D) 4. (B) 5. (B) 
6. (B) 7. (B) 8. (A) 9. (D) 10. (B) 
11. (D) ee 13. (C) 14. (A) 15. (A) 
16. (A) 17. (C) 18. (D) 19. (B) 20. (C) 
24, 22. (B) 23. (D) 24. (A) 25. (C) 
26. (A) 27. (C) 28. (C) 29. (A) 30. (D) 
31. (C) 32. (A) 33. (D) 34. (D) 35. (B) 
36. (D) 37. (B) 38. (D) 39. (B) 40. (B) 
41. (B) 42. (C) 43. (A) 44. (C) 45. (C) 
46. (D) 47. (A) 48. (C) 49. (B) 50. (D) 
51. (B) 52. (C) 53. (A) 54. (B) 55. (B) 
56. (D) 57. (A) 58. (B) 59. (D) 60. (B) 
61. (A) 62. (A) 63. (A) 64. (A) 65. (A) 
66. (C) 67. (A) 68. (B) 69. (B) 70. (A) 
Fis {C) 72. (C) 73. (A) 74. (B) 75. (A) 
Multiple Correct Choice Type 

1. (C,D) 2. (A,B,C) 3. (A,B,C,D) 4. (B,D) 5. (A,C,D) 
6. (A,C) 7 (BCD) $.. (A; C.D) 9. (B,C) 10. (A,B) 
11. (A,B) 12. (A,B,D) 13. (B,C) 14. (A,C) 
Assertion—Reasoning Type 

4; (D) 2. (C) 3. (B) 4. (A) 5. (A) 
6. (A) 7. (A) 8. (C) 

Comprehension Type 

1. (B) 2. (A) 3. (C) 4. (C) 5. (B) 
6. (D) 7. (B) 8. (A) 9. (A) 10. (A) 
11. (A) 12. (A) 13. (A) 

Integer Answer Type 

15(2) 2. (7) 3. (9) 4. (1) 5. (6) 


Matrix—Match Type 
1. A (r);B > (s);C > (p); D > (q) 2. A> (s);B > (q);C > (1); D > (p) 3. A (q,1,t);B > (p);C > (q); D > (s) 
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Electrochemistry 


Redox reactions are those in which oxidation and reduction take place 
simultaneously. We can use spontaneous redox reactions to produce 
electricity by separating the processes of oxidation (electron loss) 
and reduction (electron gain) and allowing them to occur in different 
physical locations of a system. By reversing the process, we can use 
electricity to make non-spontaneous redox reactions to take place for 
producing important products by a process called electrolysis. Since 
electricity plays a role in these systems, the processes involved are 
described as electrochemical changes and the study of these changes 
is called electrochemistry. Thus, electrochemistry is the branch of 
chemistry that deals with the relation between chemical changes and 
electricity. It deals with the study of electrical properties of electrolytes 
and also the chemical changes brought about by passage of electricity. 


11.1 | ELECTROCHEMICAL CELLS 


The devices which convert electrical energy into chemical energy 
or vice versa are called electrochemical cells. Based on the activity 
taking place in them, these devices are classified into two main cat- 
egories: Galvanic (voltaic cells) and Electrolytic cells. The galvanic 
cells are further divided into chemical cells and concentration cells 
and are discussed first. 


Galvanic Cell 


A galvanic cell consists of two electrodes immersed in solutions of 
their respective salts known as half-cells. The two electrodes are 
connected externally by a metallic wire through a voltmeter and a 
switch, and internally by a salt bridge. When the circuit is completed 
by closing the switch, a redox reaction occurs in which one of the 
electrodes undergoes oxidation while the other undergoes reduction. 
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Purification of copper 
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The reactions taking place in each half-cell are called half-cell reactions. Electrodes are named in accordance with the 
reaction occurring at them. The electrode at which reduction (or electron gain) takes place is known as the cathode and 
the electrode at which oxidation (loss of electrons) takes place is known as the anode. 

Daniell cell is the most popular galvanic cell. It is built by two electrodes, Zn rod dipped in ZnSO, solution and Cu 
rod dipped in CuSO, solution, connected by a salt bridge. The redox reaction taking place in the cell is 


Zn(s) + CuSO, (aq) > ZnSO, (aq) + Cu(s) 


Zn loses two electrons and gets oxidized to Zn**, whereas copper gains two electrons and is reduced from Cu™ to Cu. The 
overall reaction is represented in terms of two half-reactions, one representing oxidation and the other representing reduction: 


Oxidation half-reaction: Zn(s) > Zn** (aq) + 2e7 
Reduction half-reaction: Cu** (aq) + 2e” — Cu(s) 


Overall redox reaction: Cu** (aq) + Zn(s) — Cu(s)+ Zn** (aq) 


This Daniell cell converts chemical energy generated by a redox reaction into electrical energy and generates an elec- 
trical potential of 1.1 V. If an increasing external opposing voltage is applied to the cell, the cell reaction continues till 
the voltage of 1.1 V is reached. The reaction stops thereafter and no current flows through the cell. When the externally 
applied voltage is increased above 1.1 V, the reaction begins to take place but in the opposite direction, that is, non- 
spontaneous process starts. The galvanic cell then functions like an electrolytic cell, where electrical energy is being 
used to carry out non-spontaneous chemical reactions (Fig. 11.1). 


Fat < 1.1 V Foyt = 1.1 V 
od 
() 
1=0 
Salt bridge 
—_———<— Cu 


dg 
° 
dD dia 
i —s 


SN 


Sal 


Cp 


@) 
It bri 


—— 
Current 
dge 
—————— 


(a) (b) 
Fag > 1.1V 
| + 
Cathode @) : 2 | Anode 
Current 
Salt bridge 


Figure 11.1 Functioning of a Daniell cell when an external voltage opposing the cell potential is applied. 


A number of galvanic cells can be constructed on the pattern of Daniell cell. For example, a galvanic cell can be 
constructed when a silver electrode dips into a solution of AgNO, on the left and a copper electrode dips into a solu- 
tion of Cu(NO,), on the right as illustrated in Fig. 11.2. 

Some important terms related to galvanic cells are described as follows using the galvanic cell depicted in Fig 11.2. 
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1. Salt bridge: The two electrodes are connected by Electron flow 
an external electrical circuit and the two solu- 
tions are connected by a salt bridge. It allows the 
movement of ions required to keep the solutions 
electrically neutral and is essential to complete the 
electrical circuit. Cathode Anode 


(+) 


2. Half-cell: To produce useful electrical energy, the 
two half-reactions involved in the net reaction 
must be made to occur in separate containers or |Ag’+e& — Ag| 
compartments called half-cells. Gooey 


| Cu — Cu2++2e | 
oxidation 


3. Half-reaction: When the circuit is completed by 
closing the switch, the reduction of Ag* to Ag 
occurs spontaneously in the half-cell on the left Figure 11.2 Galvanic cell. 
and oxidation of Cu to Cu” occurs spontaneously 
in the half-cell on the right. The reaction that takes 
place in each half-cell is a half-reaction. In the sil- 
ver half-cell, the following half-reaction occurs. 


Ag* (aq) Ee Reduction Ag(s) 


In the copper half-cell, the half-reaction is 
Cu(s) Oxidation Cu2* (aq) 4.2067 


When these reactions take place, electrons left behind by oxidation of the copper travel through the external 
circuit to the other electrode where they are transferred to the silver ions, as Ag” is reduced to the familiar shiny 
silver metal. 


4. Cell reaction: It is the overall reaction that takes place in the galvanic cell. To obtain the cell reaction, we com- 
bine the individual electrode half-reactions, making sure that the number of electrons gained in one half-reaction 
equals the number lost in the other. Thus, to obtain the cell reaction we multiply the half-reaction for the reduc- 
tion of silver by 2 and then add the two half-reactions to obtain the net reaction. (Notice that 2e appear on each 
side, and so they cancel.). 


2Ag*(aq)+2e — 2Ag(s) (reduction) 
Cu(s) > Cu”* (aq)+2e7 (oxidation) 
2Ag* (aq) +Cu(s)+ RH 2Ag(s)+ Cu** (aq) + Re (cell reaction) 


5. Cathode and anode electrodes: The cathode is the electrode at which reduction (electron gain) occurs. The anode is 
the electrode at which oxidation (electron loss) occurs. Thus, in the galvanic cell in Fig. 11.2, the silver electrode is 
the cathode and the copper electrode is the anode. 


6. Cations and anions: In the operation of the galvanic cell, the negative ions (anions) move away from the cathode, 
where they are present in excess, and towards the anode, where they are needed to balance the charge of the posi- 
tive ions being formed. Similarly, the positive ions (cations) move away from the anode, where they are in excess, 
and towards the cathode, where they can balance the charge of the anions left in excess. In fact, the reason positive 
ions are called cations and negative ions are called anions is because of the nature of the electrodes towards which 
they move. 

7. Negative polarity: At the anode of the galvanic cell described in Fig. 11.2, copper atoms spontaneously leave the 
electrode and enter the solution as Cu” ions. The electrons that are left behind give the anode a slight negative 
charge. (We say the anode has a negative polarity.) 


8. Positive polarity: At the cathode, electrons spontaneously join Ag” ions to produce neutral atoms, but the effect is 
the same as if Ag* ions become part of the electrode, so the cathode acquires a slight positive charge. (The cathode 
has a positive polarity.) 
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Role of Salt Bridge 


If the electrodes in a galvanic cell are not connected inter- () 
nally, initially the cell generates electrical energy. The 
electrodes get polarized with passage of time and the cell —~ Flow of electrons 


stops working. For continuous generation of electrical 
energy, the electrodes need to be internally connected. 

A salt bridge is usually used to connect the electrodes 
of a galvanic cell. It is easy to construct and consists of a 
gel drawn into a clean U-tube. The gel is formed by add- 
ing agar—-agar into boiling water containing a suitable 
electrolyte like KCI. Generally, KCl is preferred because 
the ionic conductances of K* and CI are almost the same. 
The gel holds the electrolyte in the tube as shown in 
Fig. 11.3. Figure 11.3 Salt bridge and electrolyte. 

As the reactions proceed in the galvanic cell, there 
will be accumulation of particular ions around the electrodes. This results in a slowdown of the electrode reactions. 
From the electrolyte of the salt bridge, say KCl, the K” and CI ions migrate towards the end of the salt bridge: K* ions 
would migrate towards the reduction electrode (cathode) while Cl ions would migrate towards the oxidation elec- 
trode (anode). At the oxidation electrode (anode), ions would polarize (attract) some of the oppositely charged ions 
towards themselves. Simultaneously, the K* ions would move towards the reduction electrode (cathode) and polarize 
the negatively charged ions surrounding the metal. Thus, the cell works as usual. Hence, a salt bridge helpful in the 
following ways: 


Salt bridge 


Porous plug == 


+++ 


1. It brings about internal contact between the electrodes. 
2. It minimizes the liquid junction potential. 


3. It minimizes polarization. 


Liquid Junction Potential 


Liquid function potential occurs when two electrolytic solutions or liquids are kept in direct contact with each 
other in absence of a salt bridge. The ions in two solutions will move at different speeds and thus generate a potential 
difference at junction of these two liquids. This is known as liquid junction potential. 


Therefore, E=E +E 


oxidation 


a7 Eve 


reduction 


where E is the electromotive force of the cell, E,yiaation IS the oxidation half-cell, E is the reduction half-cell and 
FE,» is the liquid junction potential. 
When salt bridge is used, it ensures that E,,» = 0, since, the mobilities of K” and Cl are the same, (KCl is used as 


a paste in salt bridge) ensuring no LJP is built. 


reduction 


11.2 | ELECTRODE POTENTIAL 


The potential difference that develops between the electrode and the electrolyte is called the electrode potential. 
The electrode potential which is determined when the concentration of all solutes is unity at standard conditions of 
temperature and pressure is known as standard electrode potential. It is useful to think of each half-cell as having a 
certain natural tendency to acquire electrons and proceed as a reduction. The magnitude of this tendency is expressed 
by the half-reaction’s reduction potential. When measured under standard conditions, the reduction potential is called 
the standard reduction potential. According to IUPAC convention, standard electrode potential is now expressed in 
terms of standard reduction potential. By definition, a potential of 1 volt (V) is produced when 1 joule (J) of energy is 
used to transport 1 coulomb (C) of electrical charge across the potential. 


13 
1c 


The standard state for electrochemistry is defined as a system where the temperature is 298 K, all concentrations are 
1 M, and any gases are at 1.00 bar pressure. 


1V 
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Oxidation and Reduction Potential 


If oxidation occurs at the electrode, at equilibrium the potential of the electrode can be termed as oxidation potential. 
For the zinc electrode, the reaction can be represented as 
Zn(s) = Zn** (aq)+2e7 


The electrode in which oxidation occurs at equilibrium is referred to as a negative electrode. For example, zinc electrode 
with 1 M ZnSO, at 298 K offers an oxidation potential of +0.76 V. 

If reduction occurs at the electrode, at equilibrium the potential of the electrode is referred to as reduction 
potential. For the zinc electrode, the reaction can be represented as 


Zn**(aq)+2e” = Zn(s) 


If reduction occurs at equilibrium in an electrode, it is termed as positive electrode. The reduction potential of a zinc 
electrode with 1 M ZnSO, at 298 K is —0.76 V. 


Note: By comparing the oxidation and reduction potential values of the same electrode, the spontaneous reaction 
occurring at the electrode can be predicted. In case of zinc electrode, the oxidation potential is more positive than 
its reduction potential. Thus, oxidation is a spontaneous reaction. However, polarity of an electrode depends on the 
other electrode to which it is connected. 


Note: Standard reduction potential= SRP 
Standard oxidation potential = SOP 
For the same electrode, SRP = — SOP 
Also, RP = — OP 


Potential of a Cell or EMF 


A current flows from one electrode to the other, indicating that the two electrodes of the cell are at different poten- 
tials. The potential difference between the two electrodes is known as the cell potential. It is the maximum potential 
that a given cell can generate and is represented by E.,,,, and it depends on the composition of the electrodes, the 
concentrations of the ions in the half-cells, and the temperature. When the system is at standard state, the potential 
of a galvanic cell is the standard cell potential, symbolized by E®.,. The potential generated by a galvanic cell, when 
no current is drawn through the cell, is also called the electromotive force (EMF or emf). If charge flows from a cell, 
some of the cell’s voltage is lost overcoming its own internal resistance, and the measured voltage is less than the 
original E.,.,,. 

When two half-cells are connected to make a galvanic cell, the one with the larger standard reduction potential (the 
one with the greater tendency to undergo reduction) acquires electrons from the half-cell with the lower standard reduc- 
tion potential, which is therefore forced to undergo oxidation. The standard cell potential, which is always taken to be a 
positive number, represents the difference between the standard reduction potential of one half-cell and the standard 
reduction potential of the other. In general, therefore, 


(11.1) 


Knowing the single electrode potential of the two electrodes, the potential of the cell or the electromotive force of the 
cell formed from them can be obtained. For example, consider the cell to be constructed by coupling of an iron and a 
nickel electrode. If the electrode potentials of the two electrodes at 298 K are — 0.44 V and — 0.24 V in that order, the 
EMF of the cell can be obtained. The iron electrode (Fe**/Fe) is the oxidation electrode and nickel electrode (Ni**/Ni) 
is the reduction electrode. 

So, 


E 


cell — 


E E_,,, =-0.24-(-0.44)=+0.2V 


Ni2*/Ni *~Fe2*/Fe 
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The magnitude of the cell potential is a measure of the driving force behind a reaction. The larger the value of the 
cell potential, the farther is the reaction from equilibrium. The sign of the cell potential tells us the direction in 
which the reaction must shift to reach equilibrium. The fact that E° is positive for the nickel-iron cell tells us that 
when the system is at standard conditions, it has to shift to the right to reach equilibrium. Reactions for which 
E’ is positive, therefore, have equilibrium constants that favor the formation of the products of the reaction. A 
reaction with a positive E° should occur naturally and is referred to as spontaneous considering concentration of 
all ions is unity. 


Note: Though we use the terms potential difference and EMF interchangeably, there is a difference between both. 
While potential difference is the difference between the electrode potentials, EMF is the potential difference 
between the electrodes when no current is flowing. Potential difference is always less than EMF (which is the 
maximum voltage which can be obtained from a cell). EMF ensures steady flow of current in the circuit. Potential 
difference can be measured through voltmeter but EMF is measured by potentiometric methods. 


Reversible and Irreversible Cells 
Consider an electrochemical cell of emf E. For the cell to be termed as a reversible cell, the two conditions required are: 


1. On application of an opposing emf exactly equal to E, the cell reaction stops. 
2. On application of an emf, infinitesimally more than £, the direction of cell reaction is reversed. 


For example, a Daniell cell with emf value 1.1 V is reversible if the following cell reaction stops on application of emf 
of -1.1V. 


Zn(s) + Cu** (aq) > Cu(s) + Zn** (aq) 
The direction of cell reaction is reversed as follows when the opposing emf is slightly more than —1.1 V. 
Cu(s) + Zn** (aq) > Zn(s) + Cu*(aq) 


The electrochemical cells that do not satisfy these two conditions are said to be irreversible cells. For example, 
consider a cell consisting of zinc and silver electrodes dipped in a solution of sulphuric acid with the emf of the 
cell for the following cell reaction as E. 


Zn(s) + 2H*(aq) > Zn** (aq) +H,(g) 
When an opposing emf is applied, the cell reaction is not reversed but takes place as follows: 


Ag(s) + 2H" (aq) > 2Ag* (aq) + H,(g) 


Electrochemical Conventions 
There are some universal conventions and notations to be adopted in describing and representing a galvanic cell. 


1. The interface across which a potential develops is denoted by either a single vertical line (|) or a semicolon (;). 
For example, copper electrode containing 1 M CuSO, is represented as: 


Cu|CuSO, (1M) or Cu;CuSO, (1 M) 


2. Representation of a cell will have the oxidation electrode (anode) on the LHS and the reduction electrode 
(cathode) on the RHS. The salt bridge used to connect the electrodes is represented by double vertical lines (||). 
For example, a galvanic cell can be represented as: 


Cu| CuSO, (1 M)|| AgNO,(1 M)| Ag 
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3. The emf of a cell is represented as: 


E 


cell — 


E E (11.2) 


right “left 


where E,,.,, and E),;, are the standard electrode potentials (reduction electrode potentials) of RHS and LHS 
electrodes, respectively. 


In the above galvanic cell, the half-cell reactions are: 

At the cathode: 2Ag* (aq) + 2e” > 2Ag (s) (Reduction half-reaction) 
At the anode: Cu (s) > Cu** (aq) + 2e” (Oxidation half-reaction) 
The emf of the cell can be represented as: 


Een = Eight ~ Even = Ect ~ “ew/Cu 
Salt 
bridge 
Anode Y Cathode 
Cu(s)|Cu*(aq) || Ag’(aq)| Ag(s) 
Oxidation Anode Reduction Cathode 
electrode electrolyte _ electrolyte electrode 
Anode half-cell Cathode half-cell 


Note: Always read from left to right. 


Solved Example EER 


Enter the balanced chemical equation that describes the 
electrochemical cell that is represented by the cell nota- 
tion as shown. 


Fe(s)|Fe”(aq)||Sn“"(aq), Sn“(aq)|Pt(s) 


Solution 


The reaction to the left of the double line represents the 
anode of the cell. At the anode an oxidation is occurring. 
Write the oxidation half reaction. 


Fe(s) > Fe** + 3e7 


The cathode is represented on the right side of the equa- 
tion. Reduction occurs at the cathode. Write the half 
reaction for the reduction. 


Sn** +2e° > Sn** 


Use the elements in the above two reactions to write an 
unbalanced equation. 


Fe(s)+ Sn** (aq) > Fe**(aq)+Sn** (aq) 


Balance the equation to ensure that the charges are equal 
on both sides of the equation. 


2Fe(s) + 3Sn** (aq) > 2Fe* (aq) + 3Sn** (aq) 


Solved Example | 41-2 | 


Enter the balanced half reaction that takes place at the 
anode for the electrochemical cell shown. Be sure to 
include electrons. 


Mg(s)|Mg*(aq)||Cu*(aq)|Cu(s) 


Solution 


The reaction at the anode is always written on the left side 
of the ( symbol. As the reaction at the anode is oxidation, 
Mg will lose electrons. The equation for the half reaction is, 


Mg(s) > Mg**(aq)+2e7 
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Solved Example | 41-3 | 


Enter the cell notation for an electrochemical cell that 
has the electrode reactions shown. If needed, use plati- 
num or graphite as an inert electrode. 


(a) Pb**(aq)+2e” — Pb(s) 
Cr(s) > Cr**(aq)+3e7 
(b) Cl,(g)+2e — CI (aq) 
Cd(s) — Cd** (aq) +2e7 
Solution 


(a) Incell notation, the anode is written on the left side of 
the symbol (||). The reaction Cr(s) > Cr** (aq) + 3e” is 


an oxidation and therefore occurs at the anode. It is 
therefore the anode and is an oxidation reaction. 


Cr(s)|Cr(aq)||[Pb“*(aq)|Pb(s) 


(b) The reaction Cl,(g)+2e — Cl (aq) is a reduction 
and will be written on the right side of the symbol (||). 
Notice that neither of the two phases of chlorine is 
solid. An electrode of platinum must be provided. At 
the metal the CL, will be able to pick up its electrons 
and split into 2CI (aq) anions. 


Cd(s)|Cd”(aq)||Cl (aq) |Cl,(g)|Pt 


Solved Example (eal 


The value for the standard emf (electromotive force) of a 
galvanic cell described by the balanced chemical equation 
is 1.03. Determine the value (V) of the standard half-cell 
potential for the AuCl,/Au couple. (Standard reduction 
potential Fe** > Fe, -0.04 V) 


Fe(s)+ AuCl; (aq) > Fe**(aq)+ Au(s)+4Cl (aq) 
Solution 


The emf of the cell is equal to the standard reduction 
potential plus the standard oxidation potential of the two 


half reactions. The standard reduction potential of Fe* > 
Fe is —0.04 V. In the above reaction, Fe is actually being 
oxidized. To find the oxidation potential, reverse the sign 
of the reduction potential. The oxidation potential of Fe > 
Fe* is therefore 0.04 V. Subtract this from the emf of the 
cell to determine the standard half-cell potential of the 
AuCl,/Au couple. 


E = 1.03-0.04=0.99 V 


AuCly /Au 


Solved Example | 11-5 | 


The following electrochemical cell has been set up 
Pt(1) | Fe**, Fe** (a = 1) || Ce**, Ce** (a = 1) | Pt(2) 


Given that Fe mer = 0-77 V, Fee Ico = 1.61 V. If an 
ammeter is connected between the two platinum elec- 
trodes, predict the direction of flow of current. Will the 
current increase or decrease with time? 


Solution 
= F° 


Ooo; o _ po 
The expression for E°,, is Ee’, = £ een 


cathode 


At the cathode: Ce** +e7 > Ce* 
At the anode: Fe** > Fe** +e" 


Therefore, E° 


cell 


= 1.61-0.77 = 0.84 V 


As the value of E®., is greater than zero, so the current 
will flow from right to left because left hand is anode, 
whereas the right one is cathode. Also, the current will 
decrease with time and the reaction will ultimately 


stop. 


Solved Example | 11-6 | 


Use the standard cell potential for the following reaction 
Cu(s)+2H* (aq) = Cu**(aq)+H,(g) E° =-0.34 V 
to predict the standard cell potential for the opposite reaction 


Cu (aq)+H,(g) = Cu(s)+2H*(aq) E° =? 


Solution 


Turning the reaction around does not change the rela- 
tive strengths of Cu* and H* ions as oxidizing agents or 
copper metal and H, as reducing agents. The magnitude 
of the potential, therefore, must remain the same. But 
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turning the equation around changes the sign of the cell Cu?*(aq)+ H,(g) = Cu(s)+ 2H" (aq) 
potential and can therefore turn an unfavorable reaction 5 ed 
into one that is spontaneous, or vice versa. The standard E® = —(-0,34) = +0.34 V 


cell potential for the reduction of Cu’ ions by H, gas is Note that for a spontaneous redox reaction, E° of the cell 
therefore +0.34 V. should be positive. The negative value of E° tells us why cop- 
per does not displace hydrogen from dilute acids or water. 


Solved Example IEA 


Calculate the minimum voltage required to bring about Oxidation half-cell reaction: 
the electrolysis of 1 M copper sulphate solution at 25°C. bed i payee 
Given that E°.., . = 0.34 Vand E® .,. =-1.23V. EO Ota Pekan 


Cu /Cu H,0/H* ' 
Overall cell reaction: 


Solution 
Cu* +H,O > Cu+ 0, +2H* 


E° =0.34+(-1.23) = 0.89 V 


Reduction half-cell reaction: 


Cu**+ 2e° > Cu E° =0.34V 
So, the minimum voltage required to bring about elec- 
trolysis = 0.89 V. 


11.3 | MEASUREMENT OF ELECTRODE POTENTIAL 


The potential of an electrode cannot be accurately, directly measured. It is not feasible to connect a measuring device 
to the solution of electrode, as it may lead to another equilibrium along with the existing one. The problem can be 
overcome if the electrode is connected to another electrode of known potential. Such an electrode is termed as refer- 
ence electrode. From the measured emf, the potential of the electrode can be obtained by subtracting the potential of 
the reference electrode. 

Any electrode of known potential cannot be treated as a reference electrode. The criteria for an electrode to act 
as a reference electrode are: 


1. The potential of such an electrode should be known, under the conditions of utility. 


2. The potential of the electrode should show minimum variation with temperature. In other words, the potential 
gradient with respect to temperature should be minimum. 


Some Reference Electrodes 


The most commonly used reference electrode is the hydrogen electrode. The potential of all other electrodes are 
measured with respect to the hydrogen electrode. Hence, it is called a primary reference electrode. There are a few 
more reference electrodes available which are standardized using standard hydrogen electrode (SHE) and then used 
as reference electrodes for measuring potential of other electrodes. Such reference electrodes are termed as subsidi- 
ary or secondary reference electrodes. Calomel electrode and silver-silver chloride electrodes are the most popular 
secondary reference electrodes. 


Standard Hydrogen Electrode (SHE) 


A standard (normal) hydrogen electrode (SHE/NHE) consists of a platinum-foil dipped in 1.0 M HCl. The platinum 
foil is enclosed in a thick-walled glass tube and connected to an external contact wire. Pure hydrogen is passed into the 
container at 1 bar pressure through the inlet at the top and the temperature is maintained at 298 K. Excess of hydrogen 
leaves the electrode through the outlet at the bottom (Fig. 11.4). 

Pure hydrogen gets adsorbed onto the Pt surface and is in contact with H’ ions in the solution. It forms a reversible 
electrode and can be represented as: 
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Pt,H,(1 atm)| (1.0 M)HCl 


If reduction occurs at the electrode, the reaction taking place will be: E°+ =0.00V 


2H" (aq)+2e = H,(g) 


As the potential cannot be measured directly, it is conventionally assumed to 
be zero at 298 K. The EMF of the cell (£°.,) is determined at a standard con- 
dition and since E° of SHE is assumed to be zero, the potential of the second 
electrode can be obtained. The electrode potential, as a practice is reported 
as reduction potential and is a measure of reduction potential of an electrode 
with respect to SHE. 


Measurement of EMF of Galvanic Cell Finely 
divided 


Let us consider the case when the hydrogen electrode connected to a cop- Pton Pt 


per half-cell forms a galvanic cell. When we use a voltmeter to measure the 
potential of the cell (Fig. 11.5), we find that the copper electrode carries a Figure 11.4 Standard hydrogen 
positive charge and the hydrogen electrode a negative charge. Therefore, cop- electrode. 

per must be the cathode, and Cu™ is reduced to Cu when the cell operates. 


D 


Cathode -4 Anode 


Figure 11.5 A galvanic cell composed of copper and hydrogen half-cells. 


Similarly, hydrogen must be the anode, and H, is oxidized to H*. The half-reactions and cell reaction, therefore, are as 
follows: 

At the anode: H,(g) > 2H*(aq)+2e" 

At the cathode: Cu**(aq)+2e” — Cu(s) 

Overall cell reaction: Cu**(aq) + H,(g) > Cu(s) + 2H*(aq) 
The standard potential of the cell is given by 

cell = Eowica = Eean, 

The measured cell potential is 0.34 V and E°. 
tion potential of Cu” is +0.34 V. 


j1y,18 0.0 V. Relative to the hydrogen electrode, then, the standard reduc- 


Note: In a galvanic cell, the measured cell potential is always taken to be positive value. Relative to the hydrogen 
electrode, then, the standard reduction potential of Cu™ is +0.34 V. (We have written the value with a plus sign 
because some standard reduction potentials are negative.) 
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Calomel Electrode 


Calomel is the common name for mercurous chloride and it is sparingly sol- 
uble in water. The electrode consists of a thin layer of pure mercury at the 
bottom of the container. It is covered with a paste of Hg, Hg,Cl, and KCl of 
known concentration. The rest of the container is filled with KCI solution of a 
known concentration, saturated with Hg,Cl, (Fig. 11.6). 

The electrode can be represented as: 


Pt, Hg(1), Hg,Cl,(s) | KCl(x M) saturated with Hg,Cl, 


It is a reversible electrode. If reduction occurs at this electrode, the reaction 
can be represented as: 


At the anode: Hg,Cl,(s) = Hg5* (aq) + 2CI (aq) 
At the cathode: Hg>*(aq)+ 2e° = 2Hg(1) 
Overall cell reaction: Hg,Cl,(s)+2e = 2Hg(l)+2Cl (aq) 


KCl(x M) sat. with HgsClo 
Pt wire 


Paste of Hg, HggClo and KCI(xM) 
Pure mercury 
Porous plug 


Figure 11.6 Calomel electrode. 


It is easy to construct and easy to transport. It provides almost a constant potential value with varying temperature and 
finds application in laboratories for measuring potential of an electrode. It is used in corrosion studies. 
In case of complicated half-cell reactions like 


Pt,Hg, Hg,Cl, | KCl (saturated with Hg,Cl, ) 
(liquid) (solid) — (*M) 
To write the half-cell reaction: 
Step 1: Write the oxidation number of all the elements. 
Pt, Hg, Hg, Cl,|KCl 
a ae ae eG. 
0 


41 -1 +1 -1 


Step 2: Read half-cell notation from left to right and observe the change in oxidation number. In the given cell reac- 
tion, Hg is getting oxidized from 0 to +1. The fundamental oxidation reaction is: 


Hg > Hg3* +2e 


Step 3: Balance and write the reaction in terms of species given in the half-cell. 


2Hg + 2Cl > Hg, Cl, +2e” 


Electrochemical Series 


The standard reduction potentials of many half-reactions can be compared to that for the standard hydrogen electrode 
in the manner described above for galvanic cell. Table 11.1 lists values obtained for some typical half-reactions. They 
are arranged in decreasing order—the half-reactions at the top have the greatest tendency to occur as reduction, while 
those at the bottom have the least tendency to occur as reduction. Some important observations are: 


1. Substances located to the left of the double arrows are oxidizing agents, because they become reduced when the 
reactions proceed in the forward direction. The best oxidizing agents are those most easily reduced, and they are 
located at the top of the table (e.g., F,). 

2. Substances located to the right of the double arrows are reducing agents; they become oxidized when the reactions 
proceed from right to left. The best reducing agents are those found at the bottom of the table (e.g., Li). 


Table 11.1 Standard Reduction Potentials at 25°C 


‘HalfReaction BY) 
Stronger oxidizing agent 
F,(g)+2e = 2F (aq) +2.87 
S,02- (aq) + 2e” = 2807 (aq) +2.01 
PbO, (s) + HSO; (aq) + 3H*(aq) + 2e° = PbSO,(s) + 2H,O +1.69 
+163 
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Table 11.1 (Continued) 


“WallReaction OPW 
MnO; (aq) + 8H" (aq) + Se” = Mn (aq) + 4H,0 +151 
PbO,(s) + 4H* (aq) + 2e = Pb** (aq) + 2H,O +1.46 
BrO; (aq) + 6H"*(aq) + 6¢ = Br (aq) + 3H,O +1.44 
Au™ (aq) + 3e° = Au(s) 14 
Cl,(g)+2e = 2Cl (aq) +1.36 
O,(g) + 4H’ (aq) + 4e = 2H,O +1.23 
Br,(aq) + 2e = 2Br (aq) +1.07 
NO;(aq) + 4H*(aq) + 4e° = 2H,O +0.96 
Ag*(aq) +e = Ag(s) +0.80 
Fe**(aq) +e = Fe**(aq) +0.77 
I,(s)+ 2e = 2I (aq) +0.54 
NiO, (s) + 2H,O + 2e” = Ni(OH),(s) + 20H (aq) +0.49 
Cu" (aq) 22" — Cujs) +0.34 
SO} (aq) + 4H*(aq) + 2e° = H,SO,(aq) + H,O +0.17 
AgBr(s) +e = Ag(s) + Br (aq) +0.07 
2H*(aq) + 2e° = H,(g) 0 
Sn**(aq) + 2e’ = Sn(s) -0.14 
Ni’* (aq) + 2e° = Ni(s) N25 
Co”* (aq) + 2e” = Co(s) ~0.28 
PbSO,(s) + H*(aq) + 2e’ = Pb(s) + HSO;(aq) —0.36 
Cd** (aq) + 2e° = Cd(s) 0.40 
Fe (aq) + 2e° = Fe(s) 0.44 
Cr**(ag) + 3e° = Cx(s) ~0.74 
Zn™* (aq) + 2e° = Zn(s) -0.76 
2H,O + 2e = H,(g) + 20H (aq) —0.83 
Al**(aq) + 3e° = Al(s) -1.66 
Mg**(aq) + 2e = Mg(s) —DM) 
Na*(aq) +e = Na(s) 2 Hil 
Ca** (aq) + 2e° = Ca(s) -2.76 
K*(aq) +e = K(s) SV 
Li‘ (aq) +e = Li(s) = S05) 


Stronger reducing agent 
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Applications of Electrochemical Series 
The electrochemical series has several practical applications in chemistry. 


1. Higher the reduction potential, greater is the tendency of the element to get reduced. Hence, the relative oxidiz- 
ing and reducing abilities of the elements can be compared easily. For instance, among Zn and Cu systems, zinc 
system has lower reduction potential (—-0.76 V) than Cu (+0.34 V). So, zinc system has more reducing ability than 
Cu. Lower the reduction potential, greater is the reducing ability. 

2. A metal placed higher in the series is anodic to other metals which lie below it. An element can displace all ele- 
ments that lie below it in the series, from their salt solutions. For example, zinc shavings added to a hot saturated 
solution of CuSO, can displace copper from the salt. In other words, displacement reactions can be predicted. 

3. Knowledge of electrochemical series helps in selection of electrode assemblies, to construct the galvanic cells of 
the desired EMF. 

4. The polarity of the electrode system and the electrode reaction can be easily predicted. 

5. Spontaneity and feasibility of the cell under construction can be easily predicted. 


11.4 | THERMODYNAMICS OF A CELL 
Cell Potential and Gibbs Energy Change 


In a galvanic cell, oxidation reaction occurs at the anode and reduction occurs at the cathode. Both the electrodes are 
at different potential values. The difference in potential of the electrodes is the electromotive force (emf). It is also 
referred to as the vigor with which the cell works and is the measure of chemical reactions occurring in the cell. Ina 
spontaneous reaction, change in Gibbs’ energy (AG) decreases. Larger the decrease in free energy, greater would be 
the emf. Mathematically, it can be expressed as: 


AG = maximum useful work, AG = Wppectrical 


AG = Oe = Een (11.3) 
AG =(-nF) xE. 


cell 


where n is the number of moles of electrons transferred, F is the charge of 1 mol of electrons (1.6 x 10°” x 6.022 x 
10° = 96L00C) and E.,, is the potential of the cell. 
Similarly, 


—AG° =nFE% 


cell 


(11.4) 


Thus, from the standard potential of a cell reaction, we can obtain the standard Gibbs energy of the reaction. The value 
of Gibb’s energy can be used to calculate the equilibrium constant of the reaction. For any reaction 


AG =AG°+RTInQ 


where q is the reaction quotient of the reaction. 
We can substitute for AG and AG° from Eggs. (11.3) and (11.4) to get 


—nFE,., =—-nFES,, + RT InQ 
Dividing both sides by —nF, we get 
> RTInQ 
Ee = Feet nF (11.5) 


https://telegram.me/unacademyplusdiscounts 


scounts 


Chapter 11 | Electrochemistry 


At equilibrium, when E,,.,, = 0, then Q = K. Substituting in Eq. (11.5), we get 


cell 


Eo = IRIE me. 2.303RT 
nF nF 


cell 


log K (11.6) 


Calculation of Cell Potential and Other Thermodynamic Parameters 
The free energy change for a cell reaction is given by 
AG° =-nFE%., 


Similarly, the changes in enthalpy and entropy of the cell reaction can also be determined if the temperature depend- 
ence of the emf of a cell is given by Gibbs—Helmholtz equation. 


AG= an +7| 92) 
oT |, 


Now, since AG = —nFE, therefore, 


| --F) 


Therefore, —nFE = AH - net (SE) 
ee 
or AH = -nF e-1(22) (uy) 
Ci 


Thus, AH of the cell reaction can be determined. Now, AG = AH —TAS. Therefore, 


AS (11.8) 


_ pHa (C8) 
if P 


This gives us AS for the cell reaction. 


Solved Example | 11-8 | 


The Edison storage cell is represented as (b) What is the cell emf? How does it depend on the con- 


: : centration of KOH? 
Fe(s)|FeO(s)|[KOH(aq)||Ni,O, (s)|Ni(s) , 
(c) What is the maximum amount of electrical energy 


The half-cell reactions are that can be obtained from one mole of Ni,O,? 
Ni,O,(s) + H,O(1) +2e” > 2NiO(s) + 20H (aq) 
EF? =0.4V Solution 


(a) Given cell is Fe(s) | FeO| Ni,O,(s) | Ni(s) 


FeO(s)+H,O(1) +2e” > Fe(s)+ 20H (aq) Abthio-atiode: 


E° =-0.87 V 


(a) What is the cell reaction? HOS OI (ed) ee Ols) pO ee: 


E°. =0.87 V 


https://telegram.me/unacademyplusdiscounts 
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At the cathode: (b) The cell emf is E°,, = E°, + E2, =1.27 V. As the net 
Ni,O,(s)+H,O(1) + 2e” > 2NiO(s)+2OH (aq) reaction does not contain OH , the cell emf does not 
— ; depend on the concentration of KOH. 
Ee, =04V ‘ : —_ 
: - (c) The maximum amount of electrical energy is given by 
Fe(s) + Ni,O;(s) > FeO(s) + 2NiO(s) 
AG® = -nFE?®.,, = -2 96500 x 1.27 
Eva = 1.27 V 5 -1 2 -1 
=2.45x10° Jmol” = 2.45x10° kJ mol 
Solved Example | 11-9 | 
Calculate E° for the reaction Fe** + e~ — Fe** or (-n, FE?) —(-n, FES) = —n,FE3 
Solution B= mE} —n,E; _ 3x(-0.0361)-2x(-0.440) _ renee 
Now, we have the reactions as n, 1 
(a) Fe** +3e > Fe; Ee ss, = 0.0362 V Similarly, if we add two equations to get a third equation, 
(b) Fe?* +2e" > Fe; E?,,,, =-0.440 V then E° of the this equation is 
(ce) Fete > Fe; E22 =? Eo = n, EF) +n, FE; 
= 
Now, AG? — AG; = AG}, so we have ny 
Solved Example | 11-10 | 
If the half-cell reactions are, Adding the above two equations, we get 
Cu* +e Cuts Boag = 0.15 V Cute Cus); Eeiica = 
Cu* +2e > Cu(s); Eaten = 0.34 V Thus, we have AGE. /Cu = AGE,» /Cu* + ING aie 
Calculate the E° of the following half-cell reaction OF Mex ica Eur ica = Moat oat Few scut + Mout tov Hear icu) 
a. ae 5 Hence, 
Cut+e > Cu(s), Eos, =? 
E° Meu cut E cu reut cu oe Cutt 1Cu 
Solution cut/Cu n 
Cu* /Cu 
Given that _ 1x(-0.15)+2x0.34 
Cut +Cu* +e Ex ag = 0.15 V 1 
= —0.15 + 0.68 = +0.53 V 
Cu* +2e > Cu(s); Ee, = 0.34 V 


Solved Example 11-11 | 


If E>, E) and E; are the standard electrode potentials Fe > Fe** +3e7 AG’ =-nFE° =-3xE°xF_ (3) 
for Fe/Fe*, Fe**/Fe™ and Fe/Fe* electrodes, respectively, 
derive a relation between FE), E> and E3. SubbackEait)) iam id) 

Fe** — Fe**+ e& AG; — AG? = F(-3E} +2E?) (4) 
Solution Comparing Eqs. (3) and (4), we get 
Let us consider the reduction reactions: 7 7 Bucs eee 
im ; 5 5 5 -1XE)x F=F (-3E3+ 2E))E} =3E3 - E| 
Fe > Fe** + 2e AG? =-nFE° =-2xE?xF (1) 
Fe** > Fe*+e AG? =-nFE°=-1xE}xF (2) 3E} =3E)-E, 
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Solved Example 11-12 | 


Tarnished silver contains Ag,S. Can this tarnish be 
removed by placing tarnished silverware in an alumin- 
ium pan containing an inert electrolytic solution such as 
NaCl? The standard electrode potential for the half reac- 
tions are: For Ag,S(s)+2e — 2Ag(s)+S”, it is -0.71 V 
and for Al* +3e” — A\(s), it is —1.66 V. 


Solution 


The tarnished silver can be removed only if there will be 
reaction between Ag,S and Al” and that too should be 
spontaneous. 

E418 calculated as follows: 


Ever = Ecamoae ~ Eanoae = -0-71— (1.66) = 0.95 V 


cell 
AG will be negative as AG = —-nFE.,,,. Tarnish can be 


removed by placing silverware in aluminium pan. 


cathode anode 


Solved Example 11-13 | 


At 273 K, the calorimetric determination of AH for the 
reaction 


Zn(s)+2AgCl(s) > ZnCl, (aq)+ Ag(s) 


yielded —21778 kJ mol", while the emf of the correspond- 
ing cell was 1.015 V. What is (E/0T), of the cell? 


11.5 | NERNST EQUATION 


Solution 
OE 
We know that AH = —-nF| E-T}| — 
OL J, 
Therefore, 
(=) = 1 E = S 1 4.015) nae 
or}, nF 273 2 x 46500 


=—4.154x107 V K" 


The effect of concentration on the cell potential can be obtained from thermodynamics and is given by 


Eqg, = ES 


cell cell 


RTInQ 


= (11.9) 


This equation is commonly known as the Nernst equation, named after Walther Nernst, a German chemist and 


_ fo 
= Een : 


physicist. Notice, if Q = 1 then In Q=O and E 


cell 


Consider an electrode assembly undergoing a spontaneous reaction. 
M”* +ne —=M 


If this system is in equilibrium, then as per law of mass action, the equilibrium constant (K) can be evaluated as 


[M] 
[M""] 


The electrode potential of the cell at any concentration can be represented as 


RT, [M] 


1 De = Ere = ae n [M"*] (11.10) 
For pure solids, [M] = 1. Therefore, Eq. (11.10) can be written as 
4 RT 1 
Evy = Even ~ Pia [M"*] (11.11) 
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where R is the gas constant (8.314 J K“‘mol”), F is Faraday’s constant (96,485 C mol", but for calculation purposes, 
96,500 C mol" is used), T is temperature in kelvin and [M”] is the concentration of the ions. This equation is com- 
monly known as Nernst equation. It defines the relationship of cell potential to ion concentration. In terms of natural 
logarithm, the equation can be expressed as 

E=E° eee ripe 

nF [M""] 

In writing the Nernst equation for a galvanic cell, we can use the expression for mass action, using molar concentra- 
tions for ions and partial pressures (in atmosphere) for gases. Thus, for the following cell using a hydrogen electrode 
(with the partial pressure of H, not necessarily equal to 1 bar) and having the reaction 


Cu** (aq) + H,(g) > Cu(s) + 2H* (aq) 
the Nernst equation would be written as 


+72 
_E RT on [H*] 


E = fe} 
cell cell nF [Cu ]py,, 


Note: AG varies with temperature, at equilibrium of the system. van’t Hoff’s equations bring about their relation: 


re) A products 
AG=AG PRE na (11.12) 


Geactants 


where T is the temperature on Kelvin scale and 4, gus ANG Gyeactants ATE activities of products and reactants. Due to 
interionic attractions between the ions, they do not always behave as though their concentrations are equal to their 
molarities. In principle, we should use effective concentrations (called activities) in the mass action expression. 
However, we use molarities for the sake of simplicity because activities are difficult to calculate at this level. 


Equilibrium Constant from Nernst Equation 
The emf of a galvanic cell is given by a general expression: 


E.=E eT pk 
nf 


cell cell 


where Q is the reaction quotient. For a reaction M(s)+ N" (aq) = M"*(aq)+ N(s), 


o— IM IIN] _IM™] 
[MJ[N"] [N"] 


as the concentration of solid M and N is taken as unity. For this reaction, the Nernst equation is 


_ pe, 2308 RT | IM" 
nF [N""] 


At 298 K, substituting the values of R and F, we get 


E 


cell 


_ po, — 9.0592, [M a 
n [N” ] 


E 


cell 


For Daniell cell where reaction is Zn(s) + Cu™* (aq) = Zn** (aq) + Cu(s), the Nernst equation is written as 


2+ 
ae 2.303 RT ),,, [Zn ] 


E 
= 2F [Cu**] 


cell 


(11.13) 
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If the two electrodes are connected, with the passage of time, the concentration of Zn** increases and that of Cu* 
decreases. The voltage of the cell keeps on declining with time, till the concentration of the Zn** and Cu” ions 
becomes constant and an equilibrium is achieved. Now voltmeter will give zero reading, that is, the cell potential 


becomes zero. 
Here, the reaction quotient Q becomes equal to the equilibrium constant K,,. Equation (11.13) can be written as 


2.303 RT 2+ 
0 = EX -—— log kK, where K,, = a 
” : a (ca) 
DO IRIE 
7 = log Ky (11.14) 
nF 
As E®., = 1.1 V, we have 
toe tet EY 
1 2.303 RT 


At 298 K, substituting the values of R and F, we get 

= 2x11 370 

7 0.0591 

Taking antilog, we get K,, = 1.65 x 10°. Such a high value of K,, indicates that at equilibrium most of the Cu™ ions are 
converted into Cu (since we know that K,, = [Zn™*]/[Cu”]). 


log K. 


Note: 
1. Any half-cell reaction will always have e term. 


2. Any full-cell reaction will never have any e term. 
3. nis the number of electrons in case of a half-cell reaction. For example, consider the half-cell reactions 


Ag=Ag*+le = (n=1) 
Cu*+2e =Cu (n=2) 


The number of electrons is cancelled in case of full-cell reaction. 
2Ag+Cu* =Cu+2Ag* (n=2) 


4. At 25 °C, Nernst equation is 


0.059 


Een = Eon yg ee 


cell 


Applications of Nernst Equation 


The Nernst equation is a useful tool in electrochemistry and has the following applications: 


1. The potential of an electrode and emf of a cell can be calculated at any temperature and concentration. 
2. Knowing potential of an electrode, the concentration of the reactant can be calculated. 

3. The concentration of a solution in the galvanic cell can be determined. 

4. Knowing the emf of a cell, the equilibrium constant of the cell reaction can be calculated. 


These applications are illustrated with the help of the following solved examples. 
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Solved Example 11-14 | 


Calculate the electrode potential of copper, if the con- 
centration of CuSO, is 0.206 M at 23.1°C. Given that 
E? ,. . = +0.34 V. 


Cu*/Cu 


Solution 


Given that [CuSO,]= 
tion taking place is 


0.206 M; T = 296.1 K. The reac- 


Cu? +2e° = Cu where n =2 


According to Nernst’s equation, 


2.303RT 1 
log x 
nF [Cu] 


fe} 
Cu*/Cu 


Cu*/Cu 
or 


Bc. =aad 2.303 x 8.314 x 296.1 log 1 
euee 2 x 96,500 0.206 


= 0.31984-V 


Solved Example 11-15 | 


Calculate the emf of the following Zn-Ag cell at 
22.3°C if the concentration of ZnSO, and AgNO, 
are 0.191 M and 0.0289 M, respectively. Given that 


° = 
en — =—0.76 V and | a =+0.8V 
Solution 
re} . . . 
Here EC i E° ere, . Hence, zinc electrode is an oxida- 


tion electrode, while silver electrode is a reduction elec- 
trode. The cell representation is 


Zn|ZnSO,(0.191M) || Ag*(0.0289M) | Ag 


The reaction occurring in the cell is 
Oxidation electrode: Zn = Zn”* +2e7 


Reduction electrode: (Ag” +e = Ag)x2 


The overall cell reaction: Zn+2Ag* = Zn™* + Ag 
[Zn] 
[Ag*} 


Therefore, O = 


where Q represents the quotient of reactant and products. 
According to Nernst equation, 


= pe .2308RT 


E cell n F 


cell 


logQ 


o j 2.303RT 
= [Eng *1Ag — E72 ~ nF logQ 
2.303 x 8.314 x 295.3 
2 x 96,500 
2.303 x 8.314 x 295.3 


2 x 96,500 


[Zn™*] 


= [+0.8—(-0.76)] [Ag*} 


0.191 


= +1.56 oO 
. (0.0289) 


= 1.4908 V 


Solved Example 11-16 | 


Calculate the concentration of NiCl, in the nickel elec- 
trode Te a potential of 0.16942 V at 24.9°C. Given 
that Ee... —-0.14V. 

INi 
Solution 


Applying the Nernst equation, 


a cates ESOT. jogos 
[Ni] 


<24 mr 24 NT 
Ni™/Ni Ni™/Ni nF 


Here n = 2. So, 


Webi Aig POORER 
2x 96.500 


a(x); 
where x =[Ni**]. So, 
0.16942 = -0.14 + (0.02955) log x 
—0.02942 = 0.02955 log x 


we get x = [Ni*] = 0.1010 
So, concentration of NiCl, is 0.1010 M. 
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Solved Example 11-17 | 


A hydrogen electrode is immersed in a 0.10 M solution of 
acetic acid at 25°C. The electrode is connected to another 
consisting of an iron nail dipping into 0.10 M FeCl. 
What will be the measured potential of this cell? Assume 
Py, = 1.00 atm. 

Solution 

The oxidation reaction is: 


Fe**(aq)+2e — Fe(s) E° 


Fe” /Fe 


=-0.44 V 
The reduction reaction is: 
2H*(aq)+2e — H,(g) Prewitss = 0.00 V 


The overall cell reaction is: 


2H* (aq) + Fe(s) > H,(g)+Fe**(aq) E?,, =0.44 V 
> 0.0592, [Fe* 
Eon aa Een log! fh | 
n [H"] 


where [Fe™’] = 0.10 M and [H’] is from the ionization of 
acetic acid. 


_ [H*][CH,COO ] 
: [CH,COOH] 
If [H*]=x and [CH,COO ]=.x,then [CH,COOH]=0.10-x. 
Substituting, we get 


=1.8x10° 


Now, 


[x][>x] 
[0.10 — x] 


Assuming x is small compared to the concentration of 
CH,COOH, we get 


x =134x 10° M =[H‘] =[CH,COO7] and [CH,COOH] 


1.8x10° = 


=0.10 M 
Now, we know that n =2, so from Nernst equation, we have 
E., = 0.44 0.0592 6p ie . 
2 (1.34 10~) 


= 0.44-0.14 =0.30 V 


Solved Example 11-18 | 


The value of K,, for AgBr is 5.0 x 10°. What will be the 
potential of a cell constructed of a standard hydrogen 
electrode as one half-cell and a silver wire coated with 
AgBr dipping into 0.10 M HBr as the other half-cell? For 
the Ag/AgBr electrode, 


AgBr(s)+e = Ag(s)+Br (aq); EX,p, = +0.070 V 


Solution 


The concentration of Br in solution is 0.10 M. Since the 
K,, of AgBr is so small, the amount of dissociation of 
AgBr from the electrode will be negligible. 

The reduction reaction is 


AgBr(s)+e = Ag(s)+Br (aq); EX,5, = +0.070 V 


The oxidation reaction is 
H, > 2H*+2e; E? 


4H, /H* 


= 0.00 V 


The net cell reaction is 
2AgBr(s)+H, = 2Ag(s)+2Br (aq) + 2H" (aq) 
E®,, =0.070 V 


cell 


The potential for the constructed cell is calculated using 
the Nernst equation is 


0.0592 [Br] 
log —~ = 
[H"] 


= 0.070 — (—0.0592) = 0.129 V 


2 
0,070 — 029522 top Ol) 
2 (1) 


Solved Example 11-19 | 


Consider the following galvanic cell 
Ag(s)|Ag* (0.00030 M)||Fe** (0.0011 M), Fe** (0.040 M) 
|Pt(s) 


Calculate the cell potential. Determine the sign of the 
electrodes in the cell. Write the equation for the sponta- 
neous cell reaction. 


Solution 


The half-cell reaction at anode is 


Ag(s) > Ag*(aq) +e ; 


The half-cell reaction at cathode is 


Fe*(aq)+e — Fe**(aq) E° =0.77V 


Now, Ee, = Ep.y — ES, = 0.77 — 0.80 = -0.03 V. Therefore, 
>» 0.0592 Fe**][Ag* 
Een = Eee _ log! IIA Z 
1 [Fe"] 
4 25) 
- 0.03 0.0592 lo (3.0x 10 ees 10~) 
1 (1.1x10~) 
=0.09 V 


° = -0.80V 
4 rips: tole yram.mé/unacademyplusdiscounts 


As stated, being a galvanic cell, and using conventions in 
cell notation, the left-side half-cell is the anode and nega- 
tively charged, and the right-side half-cell is the cathode 
and positively charged. The equation for the spontaneous 
cell reaction is 


11.5 | Nernst Equation 


Fe** (1.1 x 10° M) + Ag(s) > Ag* (3.0 x 10% M) 
+ Fe™ (0.040 M) 
This is an example of a concentration cell. 


Solved Example 11-20 


The standard reduction potential for the half-cell reaction 
NO; (aq)+ 2H‘ (aq)+e — NO,(g)+ H,O(l) is 0.78 V. 


(a) Calculate the reduction potential in H* (8 M). 

(b) What will be the reduction potential of the half cell 
in a neutral solution? Assume all the other species to 
be at unit concentration. 


Solution 


The given reaction is 
NO; (aq)+2H*(aq)+e — NO,(g)+H,O() 


Writing Nernst equation for the above reaction, and sub- 
stituting concentration of pure liquids as 1, we get 


_ po, 005911, [NO, [HO] 
n [NO, ][H"] 
= 0.78 — OSM jog PL 
1 1x(8) 
= 0.78 + 0.0591 x 2log8 


= 0.78 + 0.106 = 0.8867 V 


E 


cell 


(b) pH =7 for a neutral solution. As pH = —log [H’] so 
[H*] = 107 Now, E,,,, can be found as 


0.0591 1 
Foon = 1 log (107 i: 


= —0.0474 V 


Solved Example 11-21 | 


Calculate the equilibrium constant for the reaction, 
2Fe** +31° = 2Fe™* +15. The standard reduction poten- 
tials in acidic conditions are 0.77 V and 0.54 V, respec- 
tively, for Fe*/Fe™ and I, /Icouples. 


Solution 


The reaction involved is 
2Fe™(aq) + 31 (aq) = 2Fe*'(aq) +15(aq) 
and the E° = E° —E° 


cell cathode anode 


is given by E° . Also, 


cell 


é 0.0591 


cell = 


nlog K 
Substituting values, we get 


_ 0.0591 
~ 2log K 


Therefore, 


log K = 7.7834 = K = antilog (7.7834) = 6.073 x 10’ 


Solved Example 11-22 | 


Calculate the pH of the half-cell: Pt, H,|H,SO,. The oxida- 
tion electrode potential is + 0.3 V. 


Solution 


Given that oxidation potential = 0.3 V. So, reduction 
potential = —oxidation potential = —0.3 V 

The cell reaction is 2H*(aq)+2e —H,(g). Using 
Nernst equation, we get 


>» 0.0591 1 
Een = feel n log [H*? 
or 0.3=0 eee, 2log[H*]) 


Now, as pH = -log[H'], we have 


0. 
2933-00501 pH pH ee > 25076 
0.0591 
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Solved Example 11-23 | 


The EMF of a cell corresponding to the reaction 
Zn(s)+2H*(aq) > Zn**(0.1M)+H,(g,latm) is 0.28 V 
at 25°C. Write the half-cell reactions and calculate the 
pH of the solution at the hydrogen electrode. Given 
E;, = 0.76 V and Ey, =0. 


Solution 
Half-cell reactions are as follows: 
At anode: Zn(s) > Zn** (aq) + 2e7 
At cathode: 2H*(aq)+2e — H,(g) 
According to Nernst equation, 


0.0591 


2+ 
EB. = i log Za 
n 


[Zn] 


Substituting given values, we get 


Ey, = 0.76 — oo! togt0.1] = 0.76 -0.0295x-1 
n 
= 0.76 +0.0295 = 0.76895 V 
0.0591. [H 
ee Se! bl = 0-0.0591 log[H*] 
; [H"] 
= ~0.0591 pH 


Therefore, the pH is calculated as 


Eu, = E,, + Ey, = 0.28 = 0.76 - 0.0591 pH 
or pH = 2276-028 _g 4 
0.591 


Solved Example 11-24 | 


Find the equilibrium constant for the reaction 
Cu +In* = Cu* +In* Given that Er tig AOSV, 
Ea nat = 70-4 V, Ee rnt = 70-42 V. (IIT-JEE 2004) 
Solution 
We know that AG =—nFE?,,. Thus, we have three reac- 
tions as 

Cu**(aq)+e7 > Cu*(aq) AG? =-0.15F 

In*(aq)+e > In*(aq) AG? =+0.4F 


In* (aq) > In*(aq)+2e AG? =-2x0.42F =0.84 F 


Adding all the equations, we get 


Cu” (aq) + In* (aq) > Cu* (aq) + In* (aq) 


and AG® =—-nFE°® =(-0.15 + 0.4—0.84) F =-0.59 F. As 
n=1,we get 
—0.59 F=—FE®., > ES, =0.59 V 


cell cell 


Now, using Nernst equation, we can find the equilibrium 
constant as 


0.0591 
n 


Foy = ES. 


cell cell 


log Kc 


where E 


cell 


= 0 at equilibrium. So, we have 


0.59 = 0.0591 


ith =k Sto" 


Solved Example 11-25 | 


Determine the concentration of Cd” ions in the following 
electrochemical cell: 


Fe|Fe”* (0.1 M)||Cd?* (x M)|Cd 


Given that E.., =—0.02 V and E° = 0.04 V at 298 K. 


cell 


Solution 


According to Nernst equation, for the cell reaction 
Fe(s) + Cd** (aq) > Fe** (aq) + Cd(s) 


2+ 
Eee = Eee ee 0g Ee Ica) 
n [Fe][Cd*] 
Substituting given values, we get 
De 6e [0.1] 0.06 = 0.0591 ibe [0.1] 
[x] 2 [x] 


2.03 = loge => 2.03 = -1-log[x] = 3.03 = —log[x] 
x 


—0.02 = 0.04 


log x = —3.03 
On taking antilog, we get x = 0.00093 M. 
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11.6 | Calculation of E°,, (Asm 


Solved Example 11-26 | 


Consider the disproportionation 2Cu* = Cu**+Cu(s). Given that [Cu”*]/[Cu’]’ = 1.8 x 10°, so we have 
At equilibrium, the value of [Cu™*]/[Cu*]’ = 1.8 x 10°. If 


E°.,... =4+0.15 V, calculate E° , .. . ss 0.591 
Cu2*/Cu Cu*/Cu ate He Bs, = a log (1.8 x 10°) 
Solution or —0.15+ Ee. = 0.3697 
We know that at equilibrium, £,,,, =0,so 
0.0591, [Cu’*] Solving, we get = FE? ., = +0.5197V. 


Een = 1 
cell n 0g [Cu*} 


11.6 | CALCULATION OF Ec... 


For calculation of E°.,, let us consider the following cases. 


cell? 


1. When two half-cells combine to give a full cell: Consider the following half-cells. 


Zn |Zn** || Cu* |Cu 


Given that: 
Ee /Zn == SRPrathode 
| ee == SRP rode 


Reactions taking place are: 


At the cathode: Cu’* +2e° = Cu E°=y 
At the anode: Zn = Zn** +2e7 E° =-x 
Full cell reaction:Cu’*+Zn = Zn*+Cu— E&,, =y-x 


= SRP, 


cathode 


—SRP 


anode 


fe} 
Thus, E°., 


Now consider the example of following half-cells. 


Ag|Ag* || Zn** | Zn 


Given that: 
E 
E 


== SR Parthode 
= SRP. 


anode 


fe) 

Ag* /Ag 
oO — 
Zn Zn — Y 
Reactions taking place are: 


At the cathode: Zn”* +2e = Zn E®°=y 
At the anode: (Ag = Ag* +1le7)x2 E° =-x 
Full cell reaction:2Ag+ Zn* =2Ag*+Zn EF, =y-x 


Thus, E° 


cell 


=SRP 


cathode 


= SRP rode =y-x 
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Note: In the above question, we do not multiply E° by 2, as it is an intensive property. 


2. When two half-cells combine to give another half-cell: Consider the example of the following half-cells. 
Given that: 


E° 


Fe3* /Feet x 


fo} 


Then for calculating E , we will add AG°’s and not value of E°’s. The half-cell reactions are: 


Fe** /Fe 
Fe*4+e Fe" bf =x, n=1 (11.15) 
Fe*+2e =Fe EjS=y,n=2 (11.16) 
Fe*+3e =Fe E$=?,n=3 (11.17) 


We can see that, 
Eq. (11.15) + Eq. (11.16) = Eq. (11.17). Therefore, 


AG? +AG; =AG} (as AG® is a state function) 


Therefore, 
—n, FE) —n, FE} =-n,FE; 
_n, FE) +n,FE) _1xx+2xy 


FE? 
° Nn, 3 


11.7 | TYPES OF ELECTRODES 


Electrodes of a galvanic cell can consist of different components or constituents. Based on the constituents, they are 
classified as follows: 


1. Metal—Metal ion half-cell: In this case, a metal rod is dipped in an electrolytic 
solution of the corresponding metal ion having concentration C M. It can be 


M(s) 
made to act as anode as well as cathode (Fig. 11.7). 
Half-cell reaction at the anode: M(s) > M”*(aq)+ne~ 
Half-cell reaction at the cathode: M"*(aq)+ne” — M(s) 

M"(C M) 


For example, Sn”/Sn, Zn”*/Zn, Ag’/Ag, etc. 


2. Gas—Gas ion half-cell: It consists of a noble metal like platinum which is simul- 
taneously in contact with a gas and a solution of ions of the gas. Since gases 
cannot conduct electricity, an inert metal is used to make electrical contact. Figure 11.7 Metal-metal 
The metal helps in establishing the equilibrium. The potential of the electrode jon half-cell. 
depends on the pressure of the gas and the activity of the solution. For exam- 
ple, a gas is bubbled into its gas ion solution with a platinum rod coated with 
platinum black dipped for making electrical contact as gas is non-conducting 
(Fig. 11.8). For example, 


Pt wire 


Pt|H,(p atm)|H* (CM) 


Pt|O,(p atm)|OH (CM) Ty Debate | > Gas in (CM) 
H* (C M|O,(p atm)|OH- (CM es 

ei , (cM) Figure 11.8 Gas—gas ion 
H”* (C M)|H,(p atm)|Pt half-cell. 
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The SHE is of this type, having concentration of 1 M and the 
pressure of H, gas is 1 atm. 


Half-cell reaction at the anode: H,(p atm) > 2H* 
Half-cell reaction at the cathode: 2H* (C M)+2e — H,(p atm) 


. Redox half-cell: In this electrode, the electrode potential results due OH fe) 
to the presence of ions of the same substance present in different oxi- 
dation states. For example, a platinum rod is dipped ina solution con- 
taining two different oxidation states of a metal ion (M*'* and M*?*) 
as shown in Fig. 11.9. For example, the quinhydrone electrode which (As anode) 

can be used to measure the hydrogen ion concentration (pH) of a OH O 

solution. The quinhydrone is slightly water soluble, and dissolves to 

form a mixture of quinone and hydroquinone in equal concentration. 

Each one of the two substances can easily be oxidized or reduced 

to the other. Another example is Pt|Fe** (C, M), Fe** (C, M) and 

Pt|Sn** (C, M), Sn**(C, M), ete. M%*(C, M) 
. Metal insoluble—metal salt anion half-cell: This half-cell is made by M2"(Cp M) 
dipping a rod of silver coated with a paste of saturated AgCl at the 

bottom, in a solution of ionic electrolyte such as NaCl, etc. Care Figure 11.9 Redox half-cell. 

should be taken that the cation of electrolyte has lower standard 

reduction potential than that of cation of metal salt (Fig. 11.10). 


— + 2H*+2e7 


The reactions are as follows: 

(a) AgCl(s) = Ag*(aq)+ Cl (aq) 

(b) Ag*(aq)te = Ag(s) 

(c) AgCl(s)+e = Ag(s)+Cl (aq) i——+>Ag 


If Gibbs energy change for half-cell reactions is AG) and AGS, respectively, then 
Gibbs energy change for the cell reaction is AG; = AG; + AG}. 


—F. ee =—RTIn Ky me Dike eae 
Dividing throughout the equation by —F, we get Figure 71.40 Met 
ar In Kg + Eo cigg = Eoingcung a ia salt anion 
0 ° RT, (Cc 
Therefore, Boel ae ae le (11.18) 


sp 


. Amalgam electrode: Amalgam is the alloy of any metal with mercury. An amalgam electrode is a modification of 
metal-metal ion electrode. In place of a metal, its solution in mercury is used. A typical example of zinc amalgam 
electrode is represented as: 


Zn(Hg) | Zn** (x M) 
The electrode reaction is 
Zn** (x M)+2e — Zn(Hg) 


According to Nernst equation, the potential of the electrode is 


pap, —2303RT io, [Zan] 
Zn**|Zn nF [Zn a 


where [Zn”*] and [Zn] are the concentrations of Zn™* ions and Zn metal in the amalgam. 
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11.8 | CONCENTRATION CELLS 


A concentration cell is a galvanic cell which generates electrical energy at the expense of chemical energy. In general, a 
concentration cell is a galvanic cell in which both electrodes contain the same electrode material, the same electrolyte 
but with different concentrations. These cells are classified into two types: electrode concentration cells and electrolyte 
concentration cells. 


Electrode Concentration Cells 


In these cells, the concentration of the electrolyte is the same. The two electrodes contain the same substance but with 
different concentration. Consider the two hydrogen electrodes having hydrogen gas at different pressures, dipped in 
the same electrolytic solution. The cell can be represented as 


Pt, H,(p,) | HCl(x M) | H,(p,),Pt 


where p, and p, are the pressures at which H, gas is maintained in the cell. Here, p, is greater than p,. The reactions at 
the electrodes are: 

At the anode: H,(p,) = 2H" (aq)+2e7 

At the cathode: 2H*(aq)+2e = H,(g) 

Overall cell reaction: H,(p,) = H,(p,) 
None of these reactions involve the concentration of the electrolyte. Hence, the emf generated is independent of the 
concentration of the electrolyte. According to Nernst equation, 
2.303RT,__p, 


=e log 


E 
cell n F Dy: 


cell 


But E° 


cell 


= 0, as the electrodes are hydrogen electrodes. So, 


2.303RT Py 


Een = log (11.19) 
nF Po 


The other example of electrode concentration cell is 


Hg — Pb(C,)| PbSO, (aq) | Hg — Pb(C,) 


Electrolyte Concentration Cells 


In these cells, the electrodes contain different concentration of the same electrolyte. The two electrodes are connected 
directly through a diffusion membrane. Salt bridge is not required for the completion of the cell. 


Pt, H,(1 atm) | HCI(a,) || HCl(a,)| H,(1 atm), Pt 


The dashed line indicates the direct contact between the electrodes or through a membrane. The reactions at the 
electrodes are: 
At the anode: $H,(g) = H*(a,)+e 


At the cathode: H*(a,)+e —+4H,(g) 


Overall cell reaction: H*(a,) = H*(a,) 


As there is direct contact between the electrodes, the ions are free to move. H* ions move from oxidation electrode to 
reduction electrode, while Cl ions move in the opposite direction. If t, x t_ are the transport numbers of H* and CT, 
respectively, then the EMF of the cell is 


log 
a; 


pee 2.303RT 
nF 


(11.20) 


For all practical purposes, a, = C,; a, =C). 
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Applications of Concentration Cells 


Concentration cells are not used as a source of electrical energy, as the emf drastically decreases with time. It appears 
to be a theoretical concept, but has indirect applications. The principle of concentration cells is used to understand the 
various corrosion reactions. 


Determination of Valency of lons 


A concentration cell containing different concentrations of the same ion whose valency is to be verified is constructed. 
The EMF of the cell is measured using the expression for EMF and valency of the ion (”) can be calculated. 


DART . (Cy 
= log 


ll 
mi nF Ci 


(11.21) 


Valency of ions like mercurous ions can be determined by constructing a concentration cell: 

Hg(1)| Hg(NO,), in dil. HNO,(C, M)|| Hg(NO,), in dil. HNO,(C, M)| Hg(1) 
On substituting the £,,,, value in Eq. (11.19), the value of n can be calculated. In a mercurous nitrate concentration cell, 
the valency calculated will be 2. This indicates that the mercurous nitrate contains Hg>" ions. 


Solved Example 11-27 | 


Calculate the valency of copper from the following cell at where C,= 0.0123 M and C, = 0.00162 M. So, 
294 K, if the emf of the cell is 0.02571 V. 


Zn | ZnSO, (0.00162 M) || ZnSO, (0.123 M) | Zn (ee ig 
nx 96500 0.00162 


Solution 


The EMF is given by E IE ig we get n= 1.9975 = 2.0. 


ac log 
nF C, Hence, copper is in divalent state. 


Determination of the Solubility of a Sparingly Soluble Salt 


AgCl is sparingly soluble in water. As the solubility of AgCl is the least, it can be determined by measuring the EMF A 
small quantity of freshly prepared AgCl is added to a solution of (say) 0.01 M KCl and stirred till a saturated solution is 
obtained. A silver rod is dipped in it. This electrode is coupled with another silver electrode. The representation of the cell is 


Ag(s)| AgCl(sat.) in KCI (0.01 M) || AgNO, (0.01 M)| Ag(s) 
The EMF of the cell is measured directly using VTVM (E, 


cell 


2308RT 0, 
cell = log 
nF GC; 


0.0591, Co 


). For a concentration cell, 


At T=298 K, E 


cell = 


where x = C, concentration of the saturated solution, C, = 0.1 M,n=1 and F= 96,500 C. From these values, x can be 
calculated. 

Now, AgCl is a binary salt AgCl = Ag? +Cl- 

So, x M AgCl contains x mol dm™ of Ag* and x mol dm” of CI. But it is dissolved in 0.1 M KCl, so 


[Ag*]=xmoldm® and [Cl-]=(x+0.1) mol dm® 


If K,, is the solubility product of AgCl then, K,, =[Ag*][CI] 


Solubility of AgCl is Sra = Ky = v[Ag [Cl] 


Therefore, S,,¢ = J x(0.1+ x) mol dm* = /x(0.1+ x) x143.5 gdm™ as molecular mass of AgCl is 143.5 g mol". 
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Solved Example 11-28 | 


Two students make Daniell cells in laboratory. They take 
ZnSO, from common stock with Cu as positive elec- 
trode. The emf of one cell is 0.03 V more than the other. 
The concentration of CuSO, in cell of higher emf is 0.5 
M. Find the concentration of CuSO, in the second cell. 
[Given that (2.303 RT)/F = 0.06 V.] (IIT-JEE 2003) 


Solution 


From the reaction Zn + Cu** = Zn** + Cu, we have 


2+ 
For the first cell: E, = E? oe log Ze J 
2F [Cu] 
2+ 
For the second cell: E, = E? eae log ies | 
2F [Cu] 
Subtracting F, from E,, we get 
2+ 
E,-E,=E° 2.303RT sg a ] 
2F [Cu], 
2+ 
Eo + 2.303RT ioe a ] 
2F [Cu], 


2+ 2+ 
o 2 6 = BAT [Zn™] ibe ee 
2F [Cu], [Cu], 
_ 2.303RT |, (ee Saad 
2F [Cu],  [Zn**] 
2+ 
_ 2.303RT 1, [Cu b 
2F [Cu], 


Given that E, — E, =0.03 V and [Cu”] in the second cell is 
0.5 M. Substituting, we get 


2.303 x 8.314 x 300 0.5 
0.03 = og 2+ 
2x 96500 [Cu], 
or 0.03 = 0.03 log ae 
[Cu], 
1= oe a Js = =10 
[Cu], [Cu], 
or [Cu**], = 0.05 M 


Solved Example 11-29 | 


(a) Calculate A,G° of the following reaction 


Ag’ (aq)+Cl (aq) — AgCl(s) 
Given that 
AG racer =-109kJ mol, AG? =-129 kJ mol" 


(Cl-) 


and AG°. . =77kJ mol". 


f(Ag") 
Represent the above reaction in form of a cell. 
Calculate E?,, and find log,,K,, of AgCl. 


cel 
6.539 x 10° g of metallic Zn (65.39 amu) was added 
to 100 mL of saturated solution of AgCl, calculate 
log, 29]. Given that: 


(b) 


[Ag*}’ 
Ag*(aq)+e — Ag(s) E°., = 0.80 V 
Zn**(aq)+2e > Zn(s) £2, =-0.76 V 


Also find how many moles of Ag will be formed. 
(IIT-JEE 2005) 


Solution 
(a) The cell reactions are 
Ag’ (aq)+3Cl (aq) > AgCl(s) 
Ag(s) > Ag* (aq) +e" 
+Cl,(g) +e — Cl (aq) 
The net reaction is Ag” (aq)+Cl (aq) > AgCl(s) . 


The cell representation is Ag|Ag*|AgCl|| Cl-|C1,, Pt. 
AG? = -109 — (-129 + 77) =-109 + 129-77 


=-57=-1x Fx E° 
Therefore, ye 37000 =0.59 V 
= 96500 


Now, AG® = —2.303 RT log K. So, we have 


57 x 1000 
2.303 x 8.314 x 298 
But, K,, = 1/K,so K,, = 10" = log K,, = -10. 


log K = = 9.98 =10=.K =10" 
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(b) The solubility, S is calculated as follows. 
K,.= SS S=10") H=10 moll 


Adding the reactions, we get 


2Ag*(aq)+2e > 2Ag(s); ES, =0.80 V 
Zn(s) > Zn**(aq)+2e; —-E2,, = 40.76 V 
we get 


2Ag* (aq) + Zn** (aq) > 2Ag(s)+ Zn(s) 
E°., =0.80 + 0.76 = 1.56 V 


cell 


11.8 | Concentration Cells 


At equilibrium, E..,,=0 


cell 


Therefore, E°,, = one log 


cell 2 


[Zn™*] 
[Ag*} 


2+ 
x = log is log 5 = 52.8 
0.0591 [Ag*] [Ag*] 

Given that (6.539 x 10)/65.39 = 10° mol of Zn has 
been added. Now, 10° mol of Ag reacts with 10° mol 
of Zn. Therefore, this reaction will move in forward 
direction completely. Hence, moles of Ag formed will 
be 10° mol. 


[Zn**] 


Solved Example | 11-30 | 


Find the solubility product of a saturated solution of 
Ag,CrO, in water at 298 K if the emf of the cell 


Ag | Ag’ (saturated Ag,CrO, soln.) || Ag’ (0.1 M)| Ag 
is 0.169 V at 298 K. 


Solution 

Applying Nernst equation, we get E,., = “ot 0g — 
1 

where C, is the concentration of Ag” and C, is the con- 

centration of Ag,CrO,. Hence, 


0.164 = ae ibe 0.1 


C, 


where C, = 1.679 x 10~. This means concentration of [Ag’] 
in Ag,CrO, = 1.679 x 107 M. According to the reaction 


Ag,CrO, > 2 Ag* +CrO7 
we have [Ag*] = 1.679 x 10“ M, so 


_ [Ag*] _ 1.679 x10“ 
2 


[CrOz ] 
Therefore, 


4 
K,, = [Ag* P[Cr0? ] = (1.679 x10“)? x [pesto | 


2 
=237 x10" 


Solved Example | 44-34] 


Calculate reduction potential at pOH = 14 for the Cu”/Cu. 
Given that E?. ». ., = 0.34 V and (K,, Joyo, =1*10™. 


Cu* /Cu 


Solution 


Given that pOH =14 = -log[OH |= 14 > [OH ]=10"M 
Now, 


Potentiometric Titrations 


” : i K, 10°¥ 
[Cu** ][OH | = Kk, => [Cu**]= jon} = Ti 
From the reaction Cu’* +2e” > Cu, we have 

0.59 1 0.0591 
log oF 
[Cu] 


=10°M 


E 


Cu?* /Cu 


=F, 


Cut /Cu 2 


0.059 x 19 = 0.34-0.56= 


= 0.34 log 10° 


= 0.34- 0.22 V 


Potentiometric titrations involve measurement of electrode potential with help of titrations. There are three types of 


potentiometric titrations, which are discussed as follows. 


Acid Base Titrations 


Titration of HCI vs. NaOH solution is an example of acid-base titration. The potential in this case depends upon H* 


ion. As the titration proceeds (on addition of NaOH), [H*] decrease and pH of the solution increase. Therefore, E. 


also increases. 


A reference electrode like SCE is taken to observe the change in E 


cell 


cell" 


Pt, H,(1 atm) IH (C ; unknown) |[KCI(saturated), He,Cl, (s), Hg 
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The titration curve is very steep near the equivalence point (Fig. 11.11). 


Cell 


ViaOH 


Figure 11.11 Acid-base titration of HCl vs. NaOH. 


Here AV is the change in volume of titrant and Vy,,5}, is the volume of NaOH. 


Solved Example 


25 mL (0.1 M) HCl is titrated against standard (0.1 M) 
NaOH using hydrogen electrode as indicator electrode 
and SCE as reference electrode. Calculate E,,,, at 25°C 
(a) At the start of the titration. 

(b) After adding 20 mL of NaOH. 


(c) After adding 25 mL of NaOH. 
(Given E,g, =0.24V.) 


Solution 


For the given cell 


Pt, H,(1atm)|H’ (unknown)|KCl(saturated)|Hg,Cl, (s), Hg 


Foon = ERus — Evus 
= Esce ~ Fi ion 
= 0.24+0.059 pH 


Redox Titrations 


(a) At the start 
pH= -log H* =-log (0.1)=1 


E. = 0.24 +0.059 = 0.299 V 


cell 


(b) After adding 20 mL of NaOH 


de AZS=2) _ 
[H aes) = 0.011 


pH= -log (0.11) = 1.95 
Ey = 0.244 0.059(1.95) = 0.355V 


(c) [H*] is completely equal to [OH | 
Therefore, pH = 7 


E 


cell 


= 0.24 + 0.059(7) = 0.653 V 


Similar to acid base titrations, we can understand redox titrations through the following example. 


Solved Example esa 


Calculate E,,,, for a cell consisting of SCE and a platinum 
wire indicator electrode dipped in a titration vessel con- 
taining 25 mL (0.01 M) Fe” after addition of (a) 5 mL, 
(b) 25 mL and (c) 50 mL of 0.01 M Ce” solution. (SCE 
is attached to negative terminal of the voltmeter. Given: 


EP s+ pets = 0-77 V5 Ee ae og = $1.61 V; Esce = 0.24 V.) 
Solution 
For the given cell 


Hg, HgCl,(s),KCI|Fe** ,Fe** [Pt 


At anode: Fe** = Fe** +e 
At cathode: Ce** +e7 — Ce** 


Cell reaction: Ce** + Fe** = Fe** +Ce* 

Before the equivalence point, E.,, is controlled by Fe* 

and Fe* concentrations and after the equivalence point it 

is controlled by Ce** and Ce**concentrations. 

(a) After addition of 5 mL of 0.01 M Ce** solution, the 
final volume is 30 mL. 


Fe** +Ce** = Fe* +Ce* 
25 x 0.01 5x 0.01 


0.025 — 0.05 = 0.20 mmol 0 0.05 mmol 
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0.20 0.05 


Because [Fe**]= eae [Fe**]= 545° nerefore, 
3+ 
Bs | 0774 igs De I) 6.24 
1 [Fe*] 
; 0 
=| 0.77 1001 UO —0.24 
(0.2/30) 


=0.494.V 


(b) If 25 mL of 0.01 M Ce“ solution is added, then 


2+ 4+ 
m,, of Fe™ = m,, of Ce 
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Therefore, 


7 a aie 


(Ecctheq ) RHS ~— 


E 


cell 


=1.19-0.24 =0.95 V 


(c) After addition of 50 mL of 0.01 M Ce** solution 


[50x 0.01—25x0.01] 0.25 


Therefore, equivalence point is reached Ce** = 

i ‘ [Ce un] (25 +50) 75 

[Fe**] =[Ce**] and [Fe**] =[Co**] 
25x0.01 0.25 
F 3+ C 4+ _ _ 
(Eecctneg rus = Gy +0.059 log al [( , Droemea ] (25 + 50) 5 
4+ 
[Ce**] Ey =| 1.61+ 0.059 log [coe —0.24 
(Eectteq Rus =| 1-61+ 0.059 log [Ce] [Ce**] 
a 
= 1.37 
3+ 4+ 

2( Evaea nus = 0-77 + 1.61 + 0059 log ee | 


[Fe**] [Ce**] 


Precipitation Titrations 


We standardize AgNO, solution using the Ag electrode as the indicator electrode. We calculate the potential of Ag 
electrode by connecting it to a SCE. This solution is titrated against KCl and as the reaction progresses, Ag” ions are 
precipitated as AgCl. 


AgNO, +KCl—> AgCl4+KNO, 


As [Ag"] concentration decreases, potential of Ag*/Ag electrode is given by 
0.0591 1 
log 
[Ag’] 
The potentiometric curve is similar to that obtained in acid base titration, with the maximum change in electrode 
potential at the end point. 


E=E5 


electrode 1 


11.9 | ELECTROLYTIC CELLS AND ELECTROLYSIS 


The cells discussed so far have one thing in common: They all use a spontaneous chemical reaction to produce an electric 
current in an external circuit. But they are not the only kind of cell. It is also possible to construct a cell that does work on 
a chemical system by applying a potential to the cell that causes an electric current to flow through the cell. These cells are 
called electrolytic cells. Electrolysis is used to drive an oxidation—-reduction reaction (distinguishing features of galvanic 
and electrolytic cells are given in Table 11.2) in the direction in which it does not occur spontaneously. 

For example, a simple electrolytic cell may be constructed by dipping two copper strips in a solution of copper 
salt. Such a cell is used in purification of impure copper obtained from its ore. The impure copper (containing zinc, 
iron, silver and gold as impurities) is used as the anode in an electrolytic cell that contains a solution of copper 
sulphate and sulphuric acid as the electrolyte. The cathode is a thin sheet of very pure copper. When the cell is 
operated at the correct voltage, only copper and impurities more easily oxidized than copper (iron and zinc) dissolve 
at the anode. The less active metals simply fall off the electrode and settle to the bottom of the container. At the 
cathode, copper ions are reduced, but the zinc ions and iron ions remain in solution because they are more difficult 


to reduce than copper. Gradually, ae eaRUTs ce er node Assets, and dhe pure copper cathode grows larger. 
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Table 11.2 Distinguishing features of electrolytic and electrochemical (galvanic) cells 


Electrochemical cell (Galvanic cell) Electrolytic cell 


Converts chemical energy to electrical energy. Converts electrical energy to chemical energy. 


Spontaneous redox reaction takes place leading to generation of | Redox reaction is non-spontaneous and electrical energy is 
electrical energy. required to start the reaction. 


The two electrodes are placed in separates containers connected The two electrodes are placed in the same container 
by a salt bridge. containing molten solution of electrolyte. 


The source of electrons are the species undergoing redox reaction. Source of electrons is the external battery. 


Faraday’s Laws of Electrolysis 


If a voltage larger than the cell voltage of galvanic cell is applied in opposition to the cell causing electron flow in the 
reverse direction), then the chemical reaction can be made to run in the opposite (non-spontaneous) direction. This 
property is used to charge a battery or in some cases to prepare a pure reactive element from its oxide or halide. 

The amount (moles) of material reacted or produced depends on the balanced chemical reaction and the mole 
of electrons transferred. The mole of electrons transferred can be calculated from the current (/) and the time (f) the 
current flows. The rate (J) at which a current flows is measured in amperes (A). 


iA=1Cs* 


where C is coulomb. The total amount of charge passing through a circuit can be determined by multiplying current 
flow (J) measured in amps by time (f). The moles of electrons passed through the circuit (”) can be determined by 
dividing the amount of charge by the Faraday’s constant (F), which is the charge of a mole of electrons. 


It 
Se 11.22 


where n = moles of electrons, J = current (C s“), f= time (s) and F = 96500 (C mol”). 


First Law 


It states that the weight of a substance liberated at an electrode during electrolysis is directly proportional to the 
charge passed through the electrolytes. 


wxO>we« It 


or w=ZO=ZIt (11.23) 


where Z is the electrochemical equivalent of that substance. Now, if /=1 A and t=1s (or Q=1 OC), then w = Z, that 
is, Z can be defined as the weight of a substance deposited or liberated when 1 C of charge is utilized by the solution. 
From Eq. (11.23), we have 


w= 


xIxt usin Z= molar muss mas | 


nx nx Faraday 


Now, 1 mol of electrons = 1 equivalent of electrons = 96,500 C =1 F. 


Therefore, ” =Number of equivalents = =e (11.24) 
E 96500 


where F is the number of equivalents = ———— 
n-factor 


Note: Current efficiency is the ratio of the observed mass of products at the electrode to the expected mass of products. 
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Thickness of the Deposited Layer 


The first law can be used to determine the thickness of the coated layer in electroplating (discussed later). 
Let the dimension of the metal sheet to be coated be / cm x b cm and the thickness of the metal coating be cm. 
Then, 


Volume of the coated layer = (1x bx h cm’) 
Mass of metal deposited = Volume x density = (/xbxh cm*)x p g 


Then from the first law, 


TESS IE, 
96500 


(Ixbxhcm*)xp g= (11.25) 


If the length and breadth of the metal plate is known, we can determine the thickness of layer to be formed by a given 
amount of current passed for a given interval. 


Note: Sometimes radius (R) of metal atom to be deposited is given instead of density. In such cases, the density of 
the metal is determined by the relation 


Mass of single atom _ Molecular weight/Avogadro’s number 
Volume of single atom — (4/3)2R° 


Density = (11.26) 


Solved Example 11-34 | 


A current of 1.7 A is passed through 300 mL of 0.16M solu- Therefore, milliequiv. of Zn™* lost = 6.646 milliequiv. 

tion of ZnSO, for 230 s with a current efficiency of 90%. Initial milliequiv. of Zn** = 300 x 0.16 x 2 = 96 milliequiv. 

Find the final molarity of Zn* assuming volume is constant. The milliequiv. left = 96 — 3.646 = 92.354 milliequiv. 
Therefore, the final molarity of 

Solution 

w= 92.354 


= =0.154 M 
2 x 300 


Equivalent of Zn” lost is Z 


It _ 1.7x90x230 
96500 100x96500 


Solved Example 11-35 | 


A current of one ampere is flowing through a wire. Solution 
Calculate the number of electrons flowing through the We have Q=Ixt=1x1=1C.As1F (96,500 C) is equiva- 


cross-section of the wire per second. lent to 1 mol (i.e., 6.023 x 10” electrons) 


23 
So, 1C= SUE” 2 6.24x10'* electrons 
96500 


Solved Example 11-36 | 


For how long a current of 3 A has to be passed through Solution 
a solution of AgNO, to coat a metal surface of 80 cm’ 
area with 0.005 mm thick layers? Density of silver is 
10.5 g cm™ and atomic weight of Ag is 108 g mol”. 


= 6.646 x 107 


Suppose the coating has to be done only on one side of 
the surface, then volume of Ag required for coating is 
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80 x 0.005 
10 


Amount of silver = 10.5 x 0.04 = 0.42 g and 


moles of silver = Ost 
108 


= 0.04 cm? 


= 0.00389 mol 


From the reaction Ag*(aq)+e — Ag(s), the number 
of moles of electrons = 0.00389. The amount of charge 
passed is 
Q= 0.00389 x 96500 = 375.385 C 
oe 125.12 s. 


Therefore, time, f = 


Solved Example 11-37 | 


H,O, can be prepared by successive reactions. 


2NH,HSO, a H, + (NH, )o S,0, 
(NH,),S,O, +2H,O > 2NH,HSO, +H,0, 


The first is an electrolytic reaction and the second a 
steam distillation. What current needs to be passed in 
the first reaction to produce enough intermediate to 
yield 10 g of pure H,O, per hour? Assume 50% current 
efficiency. 


Solution 


We find that 100 g of pure H,O, will contain 100/34 mol 
of H,O, 

Moles of (NH,),S,O, that would have reacted = 100/34 mol 
Moles of (NH,),S,O, that need to be formed by the first 
reaction = 100/34 mol 


100 


Moles of NH,HSO, that needs to react = a x2= a 


17 
When 1 mol of NH,HSO, gets converted into (NH,),S,Os, 
2 mol of electrons would be liberated. This is because in 
NH,HSO, all the oxygen atoms have an oxidation state 
of —2. In (NH,),S,Ox, two oxygen atoms are linked to each 
other (by peroxide linkage) because of which their oxida- 
tion state becomes —1. Therefore, two oxygen atoms have 
been oxidized from —2 to -1. 


Moles of electrons given by 


zal of NH,HSO, = a al 
17 17 


Charge = = x 96500 = 577647.05 C 


STIATOS 100 a ene p 
60x60 50 


The current J = 


Solved Example 11-38 | 


Perdisulphuric acid (H,S,O,) can be prepared by elec- 
trolytic oxidation of H,SO, with half-cell reaction 
2H,SO, > H,S,0,+ 2H*+2e. Here O, and H, are 
obtained as byproducts in the whole process. In such an 
electrolysis 0.87 g of H, and 3.36 g of O, were generated 
at STP. Calculate the total quantity of current passed 
through the solution to carry out electrolysis. Also report 
the weight of H,S,O, formed. 


Solution 


The reactions involved are 
At the anode: 


2H,SO, (aq) > H,S,O,(s) +2H* (aq) + 2e7 
2H,O(1) > O,(g)+4H* (aq) + 4e7 


At cathode: 2H*(aq)+2e — H,(g) 


In the electrolysis of H,SO,, initially H,SO, oxidizes at 
anode until all of it gets converted into H,S,O,, after which 
O, is evolved by the electrolysis of H,O. Simultaneously, 
H, is evolved at cathode and continues till the entire 
process. 

The total charge required to produce 0.87 g of H, is 


2 x 96500 x 0.87 
2 


The quantity of charge required to produce 3.36 g of O, is 


= 83955 C 


4x 96500 x 3.36 
32 


= 40530 C 


Hence, the quantity of charge used up in the formation of 
H,S,O, = 83955 — 40530 = 43425 C 


194 x 43425 


and the amount of H,S,O, formed = 
2 x 96500 


= 43.65 g 
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Solved Example 11-39 | 


A current of 40 WA is passed through a solution of AgNO, 
for 32 min using Pt electrodes. A uniform single atom 
thick layer of Ag is deposited covering 43% cathode sur- 
face. What is the total surface area of cathode, if each Ag 
atom covers 5.4 x 10"'° cm’? 


Solution 


The total amount of charge passed = (4 x 10° x 32 x 60) = 
0.0768 C 


Ag'(aq)+e — Ag(s) 


Second Law 


So, the amount of Ag deposited at cathode surface is 


108 x 0.0768 _ 86x10" g 
96500 
Now, the total number of Ag atoms deposited is 
8.6x10° 


x 6.023 x 10” = 4.8 10" 
108 


So, the surface area of cathode which is covered by Ag 
atoms = 4.8 x 10” x 5.4 x 10° = 259.2 cm* 


259.2 x 100 
43 


Hence, the total surface area = =602.8 cm? 


The second law states that if the same quantity of electricity is passed in two different solutions, then the amount of 
substance deposited or dissolved are proportional to their chemical equivalent weights. 


From Eq. (11.34), we have . 
If /t= constant, then w/E is constant. So, 
Wy 
E, 


From the above equation, we have 


Wt. of M, deposited — Eq. wt. of M, 


It 
96500 


Beet (11.27) 


(11.28) 


Wt. of M, deposited Eq. wt. of M, 


Solved Example 11-40 | 


Cadmium amalgam is obtained by the electrolysis of a 
solution of cadmium chloride using a mercury cathode. 
For how long the process of electrolysis should be carried 
out to prepare a 12% (by wt.) of cadmium amalgam using 
44 9 of mercury and a current of 5 A? (Atomic weight of 
Cd=112u). 


Solution 
Since 88 g Hg has 12 g Cd, so 44 g Hg requires 
12x 44 


=6gCd 


Now, 56 g Cd is required to deposit 96500 C charges 
So, 6 g Cd is required to deposit 


x6 C = 10339.286 C 


Therefore, the time required is 


_ Q_ 10339.286 
I 


= 20678.57 s = 34.4 min 


Solved Example 11-44 | 


The same quantity of electricity that liberates 4.316 g of 
silver from AgNO, solution was passed through a solu- 
tion of gold salt. If the atomic weight of gold be 197 u and 


its valency in the above-mentioned salt be 3, calculated 
the weight of gold deposited at the cathode and the quan- 
tity of electricity passed. 
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Solution 


We know that 


Substituting values, we get 


4.37 107.9 


=—, >> = 2.62 
Wa 86 ™ 
Therefore, O= a = 3854.1 C 


Solved Example 11-42 | 


Calculate the mass of silver metal that will form at the 
cathode when a 10 A current is passed through the elec- 
trolysis cell for a period of 5 min. 


Solution 


We start by calculating the amount of electric charge that 
flows through the cell. 
1C 


iOwAKsO0nin wy ee! - s opiate 
1lmin 1A°:s 


The number of moles of electrons transferred when 
3 x 10° C of electric charge flows through the cell can be 
calculated as follows. 


1 mol 
96,485 C 


According to the balanced equation for the half-reaction 
that occurs at the cathode of the cell, we get 1 mol of silver 
for every mole of electrons. Thus, we get 3.11 x 10° mol 
or 3.35 g of silver in 5 min. 


3.00 x 10? Cx = 3.11x 10° mol 


311x107 mol Agx 2/7 BAS _ 3.35 9 Ag 
1mol Ag 


Solved Example 11-43 | 


If 0.3605 g of a metal is deposited on the electrode by 
passing 1.2 A current for 15 min through its salt, what will 
be its valency? (Atomic weight of the metal is 96u) 


Solution 
We know that OQ =w/E and Q=1 xt. So, 


Products Formed in Electrolysis 


w  Ixt _ 0.3605 1.2x15x60 
E 96500 ° 96/n ~—-:96500 


or 0.3605 xn x 96500 = 1.2 15x 60x96 


1.2x15x 60 x 96 
0.3605 x 96500 


Therefore, n= = 2.9803 =3 


A number of factors determine the products formed during electrolysis and these are discussed as follows. 


1. Nature of electrolyte: Different products are obtained on electrolysis depending upon if the electrolyte is present 
in molten or aqueous state. For example, in the electrolysis of molten NaCl, the products formed are sodium metal 
and chlorine gas. The reactions at the cathode and the anode can be depicted as 


Na*(aq)+ e — Na(l) 
2Cl (aq) > Cl, (g) + 2e7 


However, when electrolysis of aqueous solution of NaCl is carried out, the products obtained are NaOH, Cl, and 
H.. This is because H* and OH ions obtained from electrolysis of water (solvent) molecules are also present along 


with Na® and CI ions. 
The two competing reactions at the cathode are: 


Na*(aq)+e — Na(s); 


H'(aq)+e > 7H, (g); E 


Eo =-2.71V 


cell 


ea = 0.0 V 


cell 
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The reaction with higher value of E° is preferred, and therefore, the reaction at the cathode during electrolysis is 
H"(aq) +e — 3 H,(aq) 
but H* (aq) is produced by the dissociation of H,O, that is, 
H,O(1) — H*(aq) + OH (aq) 


Therefore, the net reaction at the cathode may be written as 
H,O (1) +e > 4$H,(g) + OH (aq) 
At the anode the following oxidation reactions are possible: 


Cl (aq) > $CL,(g)+e°; ES, =1.36V 


cell 


2H,O(1)) > O,(g)+4H*(aq)+4e;  E° 


cell 


=123V 


The reaction at anode with lower value of E° is preferred and therefore, water should be oxidized in preference 
to Cl (aq). However, it is observed that oxidation of chloride ions takes place in preference over oxidation of 
water. Thus, the reactions taking place may be summarized as: 


NaCl(aq) He 5 Na‘*(aq) + Cl (aq) 


At the cathode: H,O(1) +e > +4H,(g)+OH (aq) 
At the anode: Cl (aq) > $Cl,(g)+e" 
Overall cell reaction: NaCl(aq) + H,O(1) > Na*(aq)+OH (aq)+5H,(g)+3CL(g) 


Although chloride ion lies below hydroxide ion in the electrochemical series, still chloride is oxidized in 
preference to hydroxide ion. This is because of overpotential or overvoltage. Overpotential is the extra potential 
required to start a reaction. Oxidation of hydroxide ion to give O, is very slow kinetically. Thus effectively, we 
get Cl, at anode and OH’ remains in the solution. 


. Nature of electrodes: The products formed on electrolysis also depend on the electrode being inert or reactive. 
If the electrodes are made of inert materials such as platinum, they function only as source or sink of electrons. 
However, reactive electrodes, such as the pure copper cathode used in electrochemical reduction of copper, 
participate in the reactions and affect the products of electrolysis. For example, if Hg electrodes are used during 
the electrolysis of aq. NaCl, the products we get at anode and cathode are different. 


At anode: Cl oxidizes to give Cl,. 

At cathode: Hg selectively increases the overvoltage of H,O giving H,. Thus we get the reduction of Na’* to give 
Na at cathode. 

This Na combines with Hg to Na—Hg amalgam which can be easily separated. 

To obtain Na, this amalgam can be heated. 

To obtain NaOH solution, water can be added to this amalgam. 


. Standard electrode potentials of oxidizing and reducing species: Consider the electrolysis of an aqueous solution 
of copper (II) bromide, CuBr,, let us examine the possible electrode half-reactions and their respective standard 
reduction potentials. 


At the cathode, possible reactions are the reduction of copper ion and the reduction of water. From Table 11.1 
Cu” (aq) +2e > Cu(s); E2.. = +0.34 V 
2H,O(1) + 2e° > H,(g)+20H (aq); Ej,o = 0.83 V 
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The much more positive standard reduction potential for Cu” tells us that Cu™* will be reduced at the cathode. 
At the anode, possible reactions are the oxidation of Br and the oxidation of water. The half-reactions are 


2Br (aq) > Br, (aq) + 2e" 


2H,O(1) > O,(g) + 4H" (aq) + 4e7 
Based on Table 11.1, 


2Br, (aq) + 2e° > 2Br (aq); Ey, = +1.07 V 


O,(g) + 4H*(aq)+ 4e° > 2H,O(); £8, = 41.23 V 


The data tell us that O, is more easily reduced than Br,, which means that Br is more easily oxidized than H,O. 
Therefore, we expect that Br will be oxidized at the anode. In the actual electrolysis reaction, the products 
predicted on the basis of standard electrode potential values are obtained. 


At the anode: 2Br (aq) > Br, (aq) + 2e" 
At the cathode: Cu** (aq) + 2e° — Cu(s) 


Overall cell reaction: Cu** (aq) + 2Br7 (aq) i Cu(s) + Br, (aq) 


4. Concentration of solution used: To take into account the effect of variation in concentration, standard electrode 
potentials are replaced with the electrode potentials obtained using the Nernst equation. For example, in the 
electrolysis of sulphuric acid, the two reactions possible at the anode are as follows: 


2SO7 (aq) > S, Of (aq) +2; EF? = +1.96 V 


cell 


2H,O(1) > 4H*(aq)+0,(g)+4e; Ee 


cell 


=+1.23V 
At dilute concentrations, oxygen is formed at the anode and at high concentrations of acid, S,O, is obtained. 


Transport (Transference) Number 


It is an established fact that during electrolysis, the current is carried by both anions and cations. The fraction of the 
total current carried by the cation or anion is termed as transport number. Therefore, the current carried by the cation is 


Current Carried by the cations 


or = (11.29) 
Total current carried by both the ions 
where ¢, is the transport number of the cation. 
Similarly, 
S Current Carried by the anions (11.30) 
~ Total current carried by both the ions : 

where ¢_is the transport number of the anion. Now, adding Eqs. (11.29) and (11.30), we get 

t+t=1 (11.31) 


The current carried by an ion depends on the charge, speed and molal concentration of the ion. Therefore, 
t_<Q,m,v, and t«<QOmv_ 


For an electrolyte, m,Q, = m_Q_, because the solution is electrically neutral, therefore 
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ay Vi 

Ce) 
v 

=——— lilsy2 

Ga) oe 
The speeds of the ions are proportional to molar conductance, that is, 

i. v4 
ot = Se SS) 
i Bp A ( ) 


lonic Mobility 


Ionic mobility is defined as the distance travelled by an ion per second under a potential gradient of 1 volt per meter. 


Ionic velocity 4 


Ionic mobility = - - = 
Potential gradient dV/dt 


Sees (11.34) 


Solved Example 11-44 | 


A decinormal solution of AgNO, was electrolyzed Then transport number of Ag” = 

between Pt electrodes. After passing a small current for 

two hours, concentration of anodic solution reduced to Equiv. of Ag* lost 0.0005124 
0.0005124 equiv. The weight of Cu deposited was 0.03879 g. Le = Equiv. of Cu" deposited 0.001216 
Calculate the transport numbers of Ag” and NO; in 

AgNO, solution. 


= 0.4214 


Now, tay og ae 


_=1=91,,. =1-0.4214 = 0.5786 
Solution 


Given that decrease in concentration = 0.0005124 equiv. 

and amount of Cu deposited = 0.03879 g. Therefore, 
. ; 0.03879 

equivalent of Cu deposited = a8 


= 0.001216 equiv. 


Solved Example 11-45, 


A student set up an electrolysis apparatus and passed The total pressure of wet hydrogen is 767 torr, 
a current of 1.22 A through a 3 M H,SO, solution for but some of this is provided by water vapor. Given 
30.0 min. The H, formed at the cathode was collected and that the vapor pressure of water is 26.7 torr at 
found to have a volume, over water at 27 °C, of 288 mL at 27°C. Therefore, pressure solely due to hydrogen 
a total pressure of 767 torr. Use the data to calculate the gas (the partial pressure of hydrogen gas) is 


charge on the electron, expressed in coulombs. Given that 


vapour pressure of water at 27 °C is 26.7 torr. ac 


1 atm 


‘ = 740 torr x = 0.974 atm 
Solution 760 torr 
Our strategy will be thus: Using the ideal gas law, pV = nRT, we get 
Step 1: Pressure H, (wet) — partial pressure H, > Eater 
mol H, > number of e- used (0.974 atm)(0.288 L)=n x (0.0821 Latm mol” K™~) 
: x (27+ 273K) 
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Solving, we get n = 0.0114 mol H,. According to 
the electrolysis equation 2H*(aq)+2e — H,(g), 
2 mol of electrons are required per mol of H, gas 
formed. Therefore, 


Number of electrons = 0.0114 mol H, -( 2 mol 


1 mol H, 
x 6.022 x 10” electrons mol! 
= 1.37x10” electrons 


Step 2: Find total charge used = (current) x (time) 
= (1.22 A) x (1800 s) = 2200 C 


Step 3: The charge per electron can be arrived at by 


Total charge 


- Step 1 
Charge per e = = = 
Total number of e-used Step 2 


Substituting, we get 
2200 C 
1.37 x10” electrons 


=1.61x10°” C per electron 


Charge per electron = 


(This is a very good estimate; the accepted value 
is 1.60 x10’ C.) 


Solved Example 11-46 | 


Suppose that a galvanic cell were set up having the net 
cell reaction 


Zn(s) +2Ag* (aq) > Zn** (aq) +2Ag(s) 


The Ag* and Zn™ concentrations in their respective half- 
cells initially are 1.00 M, and each half-cell contains 100 mL 
of electrolyte solution. If this cell delivers current at a 
constant rate of 0.10 A, what will the cell potential be 
after 15.00 h? 


Solution 


The initial numbers of moles of Ag* and Zn™ are: 
1.00 mol L™ x 0.100 L = 0.100 mol. The number of cou- 
lombs (A xs) that have been employed is 


3600s 
1 


0.10 Cs" x 15.00 h x =5.4x10°C 


The number of moles of electrons is 


5.4x10°C 
96500C mol™ 
For Ag’, there is 1 mol per mole of electrons, and for 
Zn, there are two moles of electrons per mol of Zn. This 
means that the number of moles of the two ions that have 
been consumed or formed is given by 


=5.6 x10” mol electrons. 


5.6 x 10° mol e& x (1 mol Ag‘/1 mol e) = 5.6 x 107 mol 
Ag’ reacted. 

5.6 x 10° mol ex (1 mol Zn*/2 mol e) = 2.8 x 10° mol 
Zn™* formed 

The number of moles of Ag* that remain is 


0.100 — 0.056 = 0.044 mol of Ag* 
The final concentration of silver ion is 


= 0.044 mol 


A il 
aes 0.100 L 


=0.44 M 


The number of moles of Zn” that are present is 
0.100 + 0.028 = 0.128 mol Zn* 
The final concentration of zinc ion is 


_ 0.128 mol 


[Zn™*] 
0.100 L 


=1.28M 


The standard cell potential should be 
En = Es. — Fe = 0.80 —(-0.76) = 1.56 V 


cell ~ *~reduction oxidation 


We now apply the Nernst equation 


1.28 


B= £2, 9952 tog 
(0.44) 


cell — “cell 2 


l =1.56-0.024=1.54 V 


11.10 | APPLICATIONS OF ELECTROLYTIC PROCESS 


Corrosion and its Prevention 


Corrosion can be defined as the deterioration of materials by chemical interaction with their environment. Corrosion 
of metals occurs either by direct chemical attack or by electrochemical attack on the metal by the corrosive environment. 
The most familiar example of corrosion is rusting of iron exposed to the atmospheric conditions. 


2Fe(s)+30,(g)+xH,O(1) > 


Fe,O, -xH,O(s) 


(Chemical composition of rust) 
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The rusting of iron is a complex chemical reaction that 

involves both oxygen and moisture (see Fig. 11.12). Iron Fe?*(aq) + 20H (aq) ——> Fe(OH),(s) 
does not rust in pure water that is oxygen free, and it ei 

does not rust in pure oxygen in the absence of moisture. Fe(OH)2(s) > FeO, . xH,0(s) 


This suggests that the corrosion process is electrochemical 
in nature. At one place on the surface, iron becomes 
oxidized in the presence of water and enters solution as 
Fe™ and this is the anodic location of the metal surface. 
Reaction taking place at the anode is 


Fe(s) — Fe** (aq) + 2e7 


Rust (Fe,O3 . XxH2O(I)) 


Cathode 


The electrons that are released when the iron is oxidized 

travel through the metal to some other place where the 

iron is exposed to oxygen. This is the cathodic region Fi — ~ 
‘ roe H,O(l) + 2e ——> 20H 

of the metal surface where reduction takes place, and 2 Salad te ae One®) 

oxygen is reduced to give hydroxide ion. The reaction 

taking place at the cathode is Fe(s) —> Fe**(aq) + 2e” 


+0, (aq) + H,O(1) + 2e° + 20H“(aq) Figure 11.12 Corrosion of iron. 


The iron (II) ions that are formed at the anodic regions gradually diffuse through the water and eventually contact 
the hydroxide ions. This causes a precipitate of Fe(OH), to form, which is very easily oxidized by O, to give Fe(OH),. 
This hydroxide readily loses water. In fact, complete dehydration gives the oxide 


2Fe(OH), > Fe,0;+3H,O 


When partial dehydration of the Fe(OH), occurs, rust is formed. It has a composition that lies between that of the 
hydroxide and that of the oxide, Fe,O,, and is usually referred to as a hydrated oxide. Its formula is generally represented 
as Fe,O,-xH,0. 

The control of corrosion is of great importance to prevent damage to the buildings, bridges, ships and other 
objects made of iron. It also helps to prevent accidents that may occur due to breaking-up of corroded structures 
such as bridges and failure of key parts used in machinery. The important methods for control of corrosion are 
as follows: 


1. Protective coatings (sacrificial protection): These are used to prevent corrosion at the surfaces of materials. The 
process involves covering of surface of iron article with a layer of more active metal. The active metal gets 
oxidized in preference to iron and thus prevents rusting. Protective coatings include metallic coatings, chemical 
conversion coatings, etc. For example, the tin cans are actually steel cans coated with a thin layer of tin to prevent 
corrosion of steel; steel objects that must withstand the weather are often coated with a layer of zinc, a process 
called galvanization. 


2. Cathodic protection: The corrosion of metal takes place at the anodic region whereas at the cathodic region, metal 
is unaffected. The principle of cathodic protection involves the elimination of anodic sites and conversion of the 
entire metal into cathodic site. It involves placing the iron in contact with a metal that is more easily oxidized. This 
causes iron to be a cathode and the other metal to be the anode. This anode is known as sacrifical anode. If corro- 
sion occurs, iron is protected from oxidation because it is cathodic and the other metal reacts instead. Zinc is most 
often used to provide cathodic protection to other metals. For example, zinc is attached to the rudder of a boat and 
when the rudder is submerged, the zinc will gradually corrode but the metal of the rudder will not. Periodically, 
the anodes are replaced to provide continued protection. 


Electroplating 


An application of an electrolytic process is the electroplating of one metal onto another. This is done both to protect 
against corrosion and to improve appearance. For example, a thin layer of silver can be plated onto jewelry or tableware 
made from a less expensive metal. Figure 11.13 is a schematic diagram of the plating of silver onto a spoon. Oxidation 


https://telegram.me/unacademyplusdiscounts 


Telegram @unacademyplusdiscounts 


Chapter 11 | Electrochemistry 


occurs at the silver anode to produce Ag’ in solution. The Ag” ions 
react with the CN’ ions in solution to form the [Ag(CN),] complex 
ion. The [Ag(CN),] is reduced at the cathode to form a thin layer 
of silver on the iron spoon. The half-reaction at the cathode is given 
below. 
Anode 
[Ag(CN,)] (aq) +e = Ag(s) + 2CN (aq) 


The [Ag(CN),]° complex ion is used because it produces a more 
uniform plating than the direct reduction of a metal cation 
(Ag’ ion). 


Purification of Metals 


A simple electrolytic cell may be constructed by dipping two copper 
strips in a solution of copper salt. Such a cell is used in purification of Figure 11.13 The plating of silver onto a 
impure copper obtained from its ore. The impure copper (containing spoon. 

zinc, iron, silver and gold as impurities) is used as the anode 

in an electrolytic cell that contains a solution of copper sul- 

phate and sulphuric acid as the electrolyte (see Fig. 11.14). 

The cathode is a thin sheet of very pure copper. When the 

cell is operated at the correct voltage, only copper and 

impurities more easily oxidized than copper (iron and zinc) 

dissolve at the anode. The less active metals simply fall off 

the electrode and settle to the bottom of the container. At 

the cathode, copper ions are reduced, but the zinc ions and Pure Cu is 
iron ions remain in solution because they are more difficult | deposited on 
to reduce than copper. Gradually, the impure copper anode EE 
dissolves and the pure copper cathode, grows larger. 


Cu and metals 
more easily 
oxidized than Cu 
are oxidized here 
and enter the 
solution as ions. 


Impure copper 


Electrometallurgy 


CuSO,/H,SO, 7 
The process of electrolysis is used for extraction of alkali Electrolyte se = pe 
and alkaline earth metals and aluminium from their fused Saun 
salt solutions. This process involves electrolytic reduction 
of fused salt solutions, and processes such as Hall—Heroult Figure 11.14 Purification of copper. 


process, cyanide process, hydrometallurgy adopt this tech- 

nique. The aqueous solution of these metals salts on cannot be electrolyzed directly because the reduction potential 
of these metals is low as compared to that of hydrogen ions. Thus reduction of hydrogen ions or water takes place at 
the cathode. 


Preparation of Compounds 


The process of electrolysis is used in synthesis of a number of organic compounds. For example, hydrocarbons are 
prepared by Kolbe’s method which involves electrolysis of salts of carboxylic acids. Similarly compounds like aniline, 
p-amino phenol and benzidine are obtained by electrolytic reduction of nitrobenzene in weakly acid, strong acid and 
alkaline medium, respectively. 

Non-metals such as hydrogen, chlorine, fluorine are also obtained by electrolysis. Inorganic compounds such as 
sodium hydroxide, sodium carbonate, potassium permanganate, etc. are also manufactured by electrolytic processes. 
KMnO, is manufactured on a large scale by the alkaline oxidative fusion of MnO, (pyrolusite ore) followed by electro- 
lytic oxidation in alkaline medium. Some examples of processes using this technique are Down’s cell process, Solvay’s 
process, Castner—Kellner cell process. 
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Electrochemical cells used for conversion of chemical energy into electrical energy are called batteries. A battery is a 
combination of cells either in series or parallel or both, in order to get the required amount of electrical energy. It is a 
portable source of electrical energy. In modern times, the words cell and battery are used interchangeably. 

The galvanic cells used to form batteries can be classified as: 


1. Primary cells: In these cells, the chemical energy is converted into electrical energy as long as the chemical com- 
ponents are active. Once the active chemical components are used up, they cannot be regenerated or reused. 
These cells are then not rechargeable. 


2. Secondary cells: In these cells, the redox reaction that converts chemical energy into electrical energy can be 
reversed by passage of current. These cells can be recharged and reused. The electrical energy is stored in them 
in form of chemical energy and hence these are also known as storage cells. These cells behave as a galvanic cell 
during discharge, converting chemical energy into electrical and as electrolytic cell during charging, converting 
electrical energy into chemical energy. 


The basic components of a battery are 


1. Anode: It contains active materials which spontaneously take part in the oxidation reactions. 
2. Cathode: It contains active materials which spontaneously take part in the reduction reactions. 
3. Electrolyte: It helps in the migration of the ions leading to the generation of electrical energy. 


4. Separator: It is a thin polymeric membrane which prevents the mixing of products formed at the electrodes. 
Usually, polypropylene and polystyrene separators are used. 


Primary Cells 
Dry Cell 


This cell, also known as Leclanche cell, consists of a cylindrical zinc po Seal 
container which acts as the anode. A graphite rod surrounded by a 
paste of manganese dioxide acts as the cathode. These are in contact 


with a thick paste of ammonium chloride and zinc chloride which acts Zinc (-) 
as the electrolyte (Fig. 11.15). The cell reactions are: 
At the anode: Zn(s) — Zn**(aq) + 2e7 NH,Cl(aq) 


At the cathode: MnO, (s)+ H,O(1)+2e — Mn,O,(s)+20H (aq) 


Overall cell reaction: Zn(s) + 2MnO,(s) + H,O(1) 

— Zn** (aq)+ Mn,O,(s)+OH (aq) 

Some secondary reactions take place in the cells which do not 
contribute to the EMF of the cell as they do not occur at the electrodes. 
The hydroxyl ions generated at the cathode react with NH,Cl to liberate 
ammonia which reacts with Zn™* to form the complex [Zn(NH,)]Cl.. 
These processes disrupt the flow of current. 

A dry cell develops a potential of 1.5 V and the voltage decreases 
with usage due to accumulation of products at the electrodes. Even 
when the cell is not in use, the lifetime of the dry cell is not indefinite because acidic NH,Cl corrodes the zinc cathode. 
Dry cells are most commonly used batteries that find use in flash lights, radios, tape recorders, transistors, etc. 


Carbon (+) 


Powdered C + MnO, 


Insulator 


Figure 11.15 Leclanche cell. 


Alkaline Dry Cell 


This cell is same in construction as the dry cell but modified to replace NH,Cl as electrolyte by sodium hydroxide or 
potassium hydroxide, hence the name alkaline dry cell. Replacing NH,Cl with NaOH/KOH prevents corrosion of zinc 
cathode since it does not dissolve in basic medium. The cell reactions are: 

At the anode: Zn(s) + 20H (aq) — ZnO(s) + H,O(1) + 2e7 


At the cathode: 2MnO, + 2e + H,O(1) — Mn,O,(s) + 20H (aq) 


Overall cell reaction: Zn(s) + 2MnO, (s) > ZnO(s) + Mn,O,(s) 
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Weston Cadmium Cell 


This is a wet chemical cell invented by Edward Weston in 1893, and was adopted as the International Standard for 
EMF till 1990. This cell, also known as cadmium cell consists of amalgamated cadmium powder that functions as 
the anode. The cathode comprises pure mercury with a paste of mercurous sulphate with some amount of mercury. 
A standard solution of cadmium sulphate octa hydrate forms the electrolyte. The cell can be represented as 


Cd(Hg)|3CdSO, - 8H,O(s)|std. sol. of CdSO,(1) Hg,SO,(s)|Hg 


For a Weston cadmium cell, E° = 1.0098 V at 293 K. The cell reactions are: 
At the anode: Cd(s) > Cd** (aq) + 2e7 


2+ 2- 
At the cathode: Hg S O,(s)+2e” > 2Hg(1)+SO7 (aq) 
Overall cell reaction: Cd(s) + HgSO,(s)—>Cd”*(aq) + 2Hg(1) + SOF (aq) 


Mercury Cell 


This cell, also known as Ruben—Mallory cell after the inventors, consists of 
amalgamated zinc powder that functions as the anode. The cathode com- 
prises paste of mercuric oxide with some amount of graphite. A paste of zinc 
oxide and potassium hydroxide forms the electrolyte (Fig. 11.16). 

The cell reactions are: 


At the anode: Zn(s) + 20H (aq) — ZnO(s) + H,O(l) + 2e7 
At the cathode: HgO(s) + H,O(I) + 2e° — Hg(s) + 20H (aq) 
Overall cell reaction: Zn(s) + HgO(s) — ZnO(s) + Hg(s) 


The zinc cell develops a potential of 1.35 V. Itis compact in size because the zinc 

anodecanbecompressed into pellet form;the cathode material,mercury oxide, Figure 11.16 Mercury cell. 

is dense; and the electrolyte KOH is non-variant and thus required in minimal 

amount. It gives constant potential throughout its lifetime and shows good performance at high temperatures. It is how- 
ever,expensive due to the high cost of mercury oxide. These cells are used in electronic watches, hearing aids,microphones, 
cameras, etc. 
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Secondary (Storage) Cells 


Lead Storage Cell (Lead-Acid Battery) 


This cell, also known as acid storage cell, is the common automobile bat- «a 
tery. Its present form is a variant of lead—acid accumulator first designed ! 0 
in 1859. Lead storage cell consists of lead grid filled with spongy lead 
which acts as the anode and a lead grid packed with lead oxide that acts PbOz Pb 
as the cathode. A set of (generally six) such electrode pairs are dipped 
in sulphuric acid solution (20%) which acts as the electrolyte and these H,SO,+H,O 
are separated by inert and porous partitions (Fig. 11.17). 
The cell reactions are: 
At the anode: Pb(s) + SO7 (aq) > PbSO, (aq) + 2e7 


At the cathode: PbO, (s) + 4H* (aq) SO7 (aq) +2e — PbSO, (aq) + 2H,O(1) 


Overall cell reaction: Pb(s) + PbO, (s) + 2H,SO,(aq) > 2PbSO, (aq) + 2H,O(I) 
The cell reaction shows that the electrolyte H,SO, is consumed during the reaction, so as the reaction proceeds, the 
concentration of H,SO, decreases. Once the concentration of H,SO, has fallen to a certain permissible level, the battery 
needs to be recharged by reversing the discharge reaction. For this purpose, an external potential higher than the cell 
potential is applied. The cell then operates like an electrolyte cell and the PbSO, deposited on the electrodes is reverted 
to Pb and PbO, by the following reactions: 


At the anode: PbSO,(aq) +2 H,O(1) — PbO,(s) + 4H* (aq) +SO7 (aq) 


Figure 11.17 Lead-acid battery. 
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At the cathode: PbSO, (aq) + 2e” — Pb(s) + SO7 (aq) 
Overall cell reaction: 2PbSO, (aq) + 2H,O(1) > Pb+ PbO, (s) +4H* (aq) + 2SO7 (aq) 


The cell reactions show that the concentration of H,SO, increases during recharging of the cell. The potential devel- 
oped by each electrode pair is about 2 V and higher potential can be obtained by connecting a number of electrode 
pairs in series. These batteries find extensive use as automobile batteries, besides being used for electrical supply in 
trains, hospitals, etc. 


Nickel-Cadmium Cell 


This cell, also known as alkaline storage battery, consists of anode grid 
which contains spongy cadmium with cadmium hydroxide. The cathode 
grid contains nickel oxyhydroxide along with small amounts of graphite 
and other compounds. A concentrated solution of potassium hydroxide 
acts as an electrolyte (Fig. 11.18) 

At the anode: Cd(s) + 20H (aq) — Cd (OH), (aq) + 2e” 


At the cathode: 2NiO(OH)(aq) + 2H,O(1) + 2e° — 2Ni(OH), (aq) + 
2 OH (aq) 


Overall cell reaction: Cd(s) + 2NiO(OH)(aq) + 2 H,O(I) > 
2Ni(OH), (aq) + Cd(OH), (aq) 


As the reaction proceeds, the products Ni(OH), and Cd(OH), stick 
to the surface of the electrode. The cell can be recharged by reversing |;.."-. 
the reactions. This cell gives potential of about 1.4 V. It can be made \ci 
into compact button cell type battery and finds use in pocket calcu- 
lators, electronic flash lights, emergency lights, portable electronics, 
toys, etc. 


(+) Positive terminal 


“| _ Separator 


Cadmium anode 


—— NiO (OH) cathode 


ey 


Figure 11.18 Nickel-cadmium cell. 


Lithium Batteries 


Lithium is a light metal with low electrode potential and good conductivity. It is, therefore, a good material for batteries, 
and can be expected to have high potential and high energy density. The group of batteries where lithium is used as an 
anode are known as lithium batteries and they were commercialized in 1990. A large number of lithium batteries are 
available which have lithium as anode but differ in choice of cathode and electrolyte. These may also be classified as 
primary or secondary. The most well-known of lithium batteries, lithium—manganese dioxide cell is discussed here. 
The construction of Li-MnO, battery is as follows: 

1. Anode is composed of lithium. 

2. Cathode is composed of heat treated MnO,. 

3. Electrolyte contains a mixture of LiCl, LiBr, LiAlO, and LiClO, dissolved in organic solvents like propylene 

carbonate and is 2-dimethoxyethane. 

The cell reactions are as follows: 


At the anode: Li > Li* + e7 
TIl 


At the cathode: MnO, + Li* +e > LiMnO, 
Il 
Overall cell reaction is: Lit MnO, > LiMnO, 
The battery offers an EMF of 3.0 V. These batteries have the following characteristics: 


1. The batteries are light in weight and compact. 


2. They are known for low maintenance and have high energy density. 


These batteries find application in memory backups, automatic cameras and calculators. 
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During the discharge of a lead storage battery, the den- 
sity of H,SO, falls from 1.294 to 1.139 g mL". H,SO, of 
density 1.294 g mL" is 39% H,SO, by weight and that 


electrons. Now, the number of moles of H,SO, is equal to 
the number of faradays consumed. 


; 4: ; Before discharge: 
Ot density Lae eile WATE SO Dy Wome TMS. (icsot cumple a5 Lelumla9 6x 1204e =25 0 
battery holds 3.5 L of acid and volume remains practi- 
cally constant during the discharge. Calculate the num- Moles of H,SO, = 1766.31 = 18.02 mol 
ber of ampere hours for which the battery must have 
been used. The charging and discharging reactions After discharge: 


are: 
Mass of sample = 1.139 x 10° x 3.5 = 3986.5 g 
Pb(s) +SO7 (aq) > PbSO, (aq) + 2e” (charging) - 
Mass of H,SO, = —-x 3986.5 = 797.3 g 
PbO, (s)+ 4H* (aq) + SO; (aq) > PbSO,(aq)+2H,O(1) 100 


(discharging) 797.3 


Moles of H,SO, = “ae 8.135 mol 


Solution 
Overall process: 
Moles of H,SO, consumed = 18.02 — 8.135 = 9.88 mol 
Hence, the number of faradays used = 9.88 F 
and so charge = 9.88 x 96500 = 953833.57 C 
Now, 1 ampere hour = charge passed by one ampere in 
one hour = 60 x 60 = 3600 C 
Hence, the number of ampere hours = 2ST 
P 3600 


From the given reactions, the overall reaction is: 
Pb(s) + PbO, (s)+2H,SO,(aq) > 2PbSO, (aq) + 2H,O(1) 


1 mol of Pb gets oxidized to 1 mol of Pb* (in PbSO,). 
Therefore, 2 mol of H,SO, are consumed using 2 mol of 


= 264.95 


Fuel Cells 


The conversion into electrical energy involves a number of steps and there is loss of energy at every step. The efficiency 
of the process is around 40%. There is also a viable way of converting the chemical energy of fuel directly into electri- 
cal energy through catalytically activated redox reactions. Such devices are called fuel cells. In other words, fuel cells 
are galvanic cells in which the electrical energy is directly derived from the redox reactions of the fuel. Even though 
fuel cells were first demonstrated by Sir William Grove in 1839, they became popular only after NASA used them in 
their spaceships (1950s). 

Ever since the start of the space program, enthusiasm has run high for batteries that are fuel cells. By definition, 
a fuel cell is an electrochemical cell in which a reaction with oxygen is used to generate electrical energy. Fuel cells, 
therefore, require the continuous feed of a fuel and oxygen, which produces a low-voltage direct current as long as 
fuel is provided. 

The representation of the fuel cell is 


Fuel | Electrode | Electrolyte | Electrode | Oxidant 


The chemical reactions involved at the electrodes are: 


At the anode: Fuel > Oxidation product + ne™ 
At the cathode: Oxidant + ne” > Reduction product 
Overall cell reaction: Fuel + Oxidant > Oxidation product + Reduction product 


The frequently used fuels are hydrogen, methanol, ethanol, hydrazine, formaldehyde, carbon monoxide and alkane. 
The oxidants could be pure oxygen or air. So far, it has not been practical to react hydrocarbons, such as natural gas, 
in a fuel cell. 
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Note: Fuel cells have a working efficiency of about 70-75 %.The thermodynamic efficiency (7) of a fuel cell is given 
by the ratio of electrical work done to the enthalpy change associated with the reaction. Mathematically, 


—nFE 


Efficiency of cell = (11.35) 
AH 


Cell reaction always occurs as a spontaneous reaction. 


Hydrogen-Oxygen Fuel Cell 


This fuel cell combines hydrogen and oxygen to produce electricity, heat and water. It converts chemical energy to 
electrical energy and thus can be compared to a battery. The only difference being that as long as hydrogen is supplied, 
it continues to produce electricity without being discharged. 


Design and Working 


The whole setup consists of chambers (Fig. 11.19). The first chamber serves as an inlet for hydrogen, while the second 
one serves as an inlet for oxygen. There are two carbon electrodes: Hydrogen passes over the anode and oxygen passes 
over the cathode. In the middle, is a proton exchange membrane separating the two electrodes from one another, 
where these two gases can interact with each other. The electrolyte separating the two electrodes is an ion-conducting 
material, such as concentrated aqueous sodium hydroxide. The following reactions take place at the two electrodes: 


At the anode: 2H, (g) > 4H*(aq)+4e™ 
At the cathode: O,(g)+4H*(aq)+4e — 2H,O(1) 
Overall cell reaction: 2H, (g)+O,(g) > 2H,O(1) 


Anode Cathode 


Oxygen 


Electrolyte 


A tu @ %& 
Ect bes 
ae 


fe) 
| & H) 
H> HO 
Excess Water 


Mieke Electric 
(for reuse) power 


Figure 11.19 A block diagram of hydrogen-oxygen fuel cell. 


The water is released in the fourth chamber. The anodic reaction gives protons and electrons. These are separated and 
hydrogen ions are allowed to pass through the electrolyte to the cathode, while the electrons travel via an external 
circuit as direct current to power electrical devices. In the cathode, hydrogen ions combine with oxygen to form water 
along with heat, thus completing the circuit. 
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Comparison with Conventional Galvanic Cells 


Fuel cells differ from the conventional galvanic cells in the following aspects: 


1. They consist of two catalytic electrodes. 

2. The reagents used are fuel and oxidant. 

3 

4 

5. No toxic species are formed in a fuel cell. 
6. They do not need charging. 

Distinct advantages of fuel cells are as follows: 


1. They offer high energy conversions (almost 75%). 
2. These cells have high energy density. 
3. These cells use inexpensive fuels. 


. The fuel and oxidant are not stored in the cell. They are stored outside and supplied as and when required. 
. No pollutants are present, and hence fuel cells are environment friendly. 


Solved Example 11-48 | 


What masses of H, and O, in grams would have to 
react each second in a fuel cell at 110°C to provide 
1.00 kilowatt (kW) of power if we assume a thermo- 
dynamic efficiency of 70%? The reaction is (1 watt = 
1 J s’, [AH?(H,O) = -241.8 kJ; AS°(H,O) = 188.7 J K*; 
AS*(H,)= 1306.3 K;AS(O,)=205.01 K”) 


Solution 


The reaction involved is H,(g)+ +0, (g) = H,O(g). The 
theoretical maximum amount of work is given by the 
change in free energy: 


AG = AH - TAS 
We can find AH, AS, and 7 as follows: 


AH = AF F products) = ET casas 
= (-241.8)-(0+0) = -241.8 kJ 
AS = AS° — AS® 


products reactants 


= (188.7) —[130.6 + (1/2) x 205.0] 
=-44.4 J =-4.4x107 kJ 


and T = 273 +110 = 383 K 


Substituting these values, we get 
AG = (241.8 kJ) — 383 K x (0.0444 kJ K“) = -224.8 kJ 


At 70% efficiency, AG becomes (—224.8) x (0.70) =—-1574kJ 
(The negative sign simply tells us that work is done by 
the system.) 

Now, 1 kW = 1kJ s‘. Therefore, we have 


Hs! -(2)x(5 mol Hh (206s Hh) 0.012812 


1s 157.4 kJ )\ 1 mol H, 
ore 1kJ 7 0.5 mol O, ){ 32.00g O, = 0.10652 
1s 157.4 kJ 1 mol O, 


Solved Example 11-49 | 


In a fuel cell, hydrogen and oxygen react to produce elec- 
tricity. In the process, hydrogen is oxidized at the anode 
and oxygen at the cathode. If 672 L of H, at STP react in 
15 min, what is the average current produced? If the entire 
current is used for electrodeposition of copper from copper 
(II) solution, how many grams of copper will be deposited? 


At the anode: H,(g)+ 20H (aq) > 2H,O(1) + 2e" 
At the cathode: O,(g)+2H,O(I)+ 2e” — 40H (aq) 


Solution 
Given that 672 L of H, react at STP which means 


——=3 mol 


Quantity of electricity passes for 1 mol = 2 F = 2 x 96500 
And for 3 mol, quantity of electricity passed = 3 x 2 x 
96500. As Q = 1x t. So, 
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2 mol (or 2 x 96500) deposit 63.5 g of Cu 
= Q_ 3x2x96500 - 64333 A 
t 15 x 60 So, 3 mol (or 3 x 2 x 96500) will deposit 
Reduction of Cu is given by Cu** + 2e7 > Cu 63.5 x3 x 2 x 96500 


= 190.5 g 
2 x 96500 


Solved Example 11-50 | 


For a fuel cell, AH® = 285.8 kJ mol, AG? =-237.2kJ mol, Solution 


then Me Celeitlate is tiermody namic Cee ae The theoretical efficiency (77) of the fuel cell can be calcu- 


lated in terms of AH and AG. Thus, 


AG —237.2 kJ mol" 
= — x 100 = —____—__] 
AH —285.8 kJ mol 


Solved Example 11-51 | 


What volume of H, when combined with excess O,in the Number of moles of H, required = 
fuel cell at 25°C and 1 atm is needed to produce 47.4 kJ ‘ 
Given work -47.4 


n x 100 = 83% 


of work under ideal conditions? (Given that AG® = = = 0.199 mol 
~237.2kJ mol") AG ~237.2 
From the ideal gas equation, pV = nRT, we can calculate 
Solution volume of H, as 
For ideal ditions, AG = , = Electrical k. : : 
ie eal conditions Wiese ircgact ectrical wor Ve nRT _0.199x0 a 300 _ 4.901 L 
; P 


11.12 | ELECTRICAL CONDUCTANCE 


Substances that allow the passage of current through them are called conductors and the phenomenon is called electrical 
conductance. Conductors are further divided into two categories, namely, metallic and electrolytic conductors. 


Metallic Conductors 


In metallic conductors, the conductance is only due to the presence of free mobile electrons. Hence, these are also 
referred to as electronic conductors. This electronic conductance is not accompanied by any chemical change. The 
passage of current only causes physical changes, and there is no transfer of matter. The factors that affect metallic 
conductance are as follows: 


1. Temperature: Metallic conductance is inversely proportional to temperature. As the temperature increases, 
metallic conduction decreases. 


2. Structure: The ease of flow of electrons depends on the structure of the metal. 
3. Density: The denser the metal, lesser will be the metallic conductivity. 


4. Number of valence electrons per atom: As the number of valence electrons increases, the charge on the metal 
cation increases; this increases the conductivity. 


Electrolytic Conductors 


The substances which conduct electricity both in the fused state and in the aqueous solution are called electrolytic 
conductors or electrolytes. These substances dissociate in molten state or aqueous solution to furnish ions. The conduction 
is due to the presence of these mobile ions. For example, molten or aqueous solution of sodium chloride. 
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Based on the extent of dissociation, electrolytes are classified into two types: 


1. Strong electrolytes: These electrolytes are almost completely dissociated in their aqueous solutions and have a 
large value of conductance. For example, HCl, HNO,, NaOH, KOH, NaCl and KCL. 


2. Weak electrolytes: These electrolytes which do not undergo complete dissociation even in their dilute aqueous 
solutions and have low value of conductance. In the solution of a weak electrolyte, there exists an equilibrium 
between the undissociated molecules and their ions. For example, CH,COOH, HCOOH and NH,OH. 


The dissociation of acetic acid is shown as follows: 


CH,COOH = CH,COO” +H* 


Factors Affecting Electrolytic Conductance 


Among the various factors, the following greatly influence the conductance of a solution: 


1. Temperature: In case of strong electrolytes, increase in temperature increases the speed of the ions. This results in 
increased conductivity. In case of weak electrolytes, increase in temperature increases the degree of dissociation. 
There is increase in both the number of ions as well as their speed. Hence, the conductivity increases. 


2. Concentration: Generally, the conductance of a solution depends on the number of ions present in the solution 
and the speed of the ions. At higher concentration, the force of attraction between the ions increases, which 
decreases the speed of the ions. Hence, conductance decreases with increase in concentration. 


3. Nature of electrolyte: In case the solution is dilute, the ions are farther apart, and their interionic interactions can 
be neglected; However in a concentrated solution, the interionic interactions are higher, which restricts their free 


motion, and reduces the conductivity. 


4. Ionic size and their extent of solvation: In solution state, the solvent-solute interactions are higher, which restricts 
the free motion of ions, thus decreasing the conductivity. On dilution, these interactions decrease, and ionic mobil- 


ity, and hence conductance increases. 


5. Viscosity: In a more viscous solvent, the ionic mobility is low, and thus conductivity of ions is decreased. 


Note: The main difference between metallic and electrolytic conductance is that in metals, the conductance is 
due to movement of electrons, whereas the conductance in electrolytes is due to ions in solution. There is no 
transfer of matter or chemical change in metallic conductance, as opposed to electrolytic conductance. Also, 
metallic conductance decreases with increase in temperature, whereas electrolytic conductance increases with 
increase in temperature. 


11.13 | CONDUCTANCE IN SOLUTIONS OF ELECTROLYTES 


In a solution that contains ions (or in a molten ionic compound), 
electrical charge is carried through the liquid by the movement 
of ions, not electrons. The transport of electrical charge by ions 
is called electrolytic conduction. This conduction is also called 
solution conductance. The passage of current causes physical as 
well as chemical changes, and the matter gets transferred in form 
of ions. 

Consider the process of conductance of electrolyte NaCl in 
an aqueous solution (Fig. 11.20). The aqueous solution consists 
of Na*, Cl, H*’ and OH ions. 

When electricity is provided by a battery or a DC source, the 
electrodes acquire electrical charges. They attract ions of oppo- 
site charge redox reactions take place at the electrodes. At the 
anode, the oxidation reaction occurs. 


Flow of 
electrons DC 
source 


Concentrated 
NaCl solution 


Figure 11.20 Mechanism involved in typical 
electrolytic conduction. 


Cl (aq) > $Cl, +e 
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The electrons from the anode are pumped through the external circuit. These electrons are delivered to the cathode 
where reduction occurs: 


Na*(aq)t+e —Na 
The overall effect is that there is a flow of electrons through the external wire resulting from the flow of ions in the 
solution. The resulting conductance is the electrolytic conductance. 
Interionic Attraction Theory of Conductance 


Arrhenius postulated in his theory of electrolytic dissociation that in an aqueous solution of an electrolyte, there will 
be an equilibrium between the ions and the undissociated molecules. This, however, exclusively accounts for the ionic 
behavior of weak electrolytes only. 

The degree of dissociation (@) of any electrolyte is defined as: 


_ Number of moles of electrolyte dissociated _ x 


— = (11.36) 
Initial number of moles of electrolyte Ny 


In case of a weak electrolyte, addition of water increases the degree of dissociation because water has a high dielectric 
constant. Increase in the number of ions increases the molar conductivity enormously. 

However, molar conductance of a strong electrolyte increases marginally on dilution. 

A strong electrolyte contains ions, even in a concentrated solution. The conductance of such a solution is low as 
each ion is under the influence of other oppositely charged ions. As a result, the ion experiences a pull or drag in a 
direction opposite to the direction of flow. The mobility of the ion and hence its conductance will decrease upon dilu- 
tion, as the distance between the ions increases. The ions experience lesser force of attraction than before. Dilution 
will not increase the population of ions in the solution but only reduce the force of attraction between them. Hence, 
the conductance increases marginally. 


Electrical Resistance and Conductance 


Like any metallic conductor, electrolytic conductor also offers some resistance to the flow of current. The electrical resist- 
ance can be measured using a Wheatstone bridge and the unit used is ohm (ohms) which in terms of S.I. base units is equal 
to (kg m’)/(s°A’). Let R be the resistance offered by an electrolytic conductor. This resistance is directly proportional to 
the length (/) of the conductor and inversely proportional to the area of cross-section (A) of the conductor. Therefore, 


Rel and Ree 
A 


So, R«— 
A 


ae 
A 
where p is the proportionality constant. From Eq. (11.37), we have 
A 
Rie 
aa 
If R=1 ohm,/=1m and A =1m’; then p= R, where pis called the specific resistance or resistivity. It is the resistance 
offered by a conductor of 1 m length and 1 m’ area of cross-section. In S.I. system, it has unit of ohm m (ohms-meter). 
According to IUPAC recommendations, the term resistivity is used for specific resistance. 
The reciprocal of resistance is known as conductance and is represented by G. Mathematically, G is given by 


Be eee (11.38) 
R_ Ip 


The S.I. unit of conductance is Siemens, represented by the symbol S and is equal to ohm '(ohms’), also called mho. 
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The reciprocal of specific resistance is called the specific conductance (i) or conductivity. Therefore, 


oes 11.39 


Specific conductance is the conductance of the solution placed between two electrodes having the cross-sectional area 
of 1 m’ and placed 1 m apart. In other words, it is defined as the conductance of 1 cm’ of the solution and has units 
Siemens per centimeter (S cm’') in S.I. system. (UPAC recommends the use of conductivity for specific conductance. 
As the specific conductance does not involve the concentration term, it is expressed in the other modes. 


Note: The extent of variation of « with concentration is more pronounced for strong electrolytes as compared to 
weak electrolytes. In case of strong electrolytes, increase in temperature increases the speed of the ions. This results 
in increased conductivity. In case of weak electrolytes, increase in temperature increases the degree of dissociation. 
There is increase in both the number of ions as well as their speed. Hence, the conductivity increases. 


Measurement of the Conductance of lonic Solutions 


We have seen that the electrolytic conductivity is given by 


did 

K=—x— 

RA 

Thus, the computation of conductivity would involve measurement of resistance (R) of the electrolyte. We know that 

any unknown resistance can be measured using a Wheatstone bridge. However, its use for measurement of resistance 

of an ionic solution poses two problems. The passage of a DC current changes the composition of the solution and 

it cannot be connected to the bridge as in the case of a metallic wire or a solid conductor. These problems are over- 

come by using AC current and a specially designed conductivity cell to contain the solution of the electrolyte. This 

conductivity cell then forms one arm of the circuit which permits the measurement of resistance using the Wheatstone 
bridge. 

The conductivity cell is available 
in many designs but the essential com- annealing 4 wires 
ponents are two platinum electrodes of wires. 
known dimensions, length (/) and area of 
cross-section (A), coated with platinum i 


Connecting 


black (Fig. 11.21). The ionic solution for 
which the resistance is to be measured is 
confined between the two electrodes and 
its resistance is given by 


Platinized Pt 


electrodes 
potys 
k A 


Platinized Pt electrode Platinized Pt electrode > 


The ratio of length to the cross-sectional (a) (b) 
area is called the cell constant and it is a 
characteristic parameter of conductivity of 
cell used for the experiment. 


Figure 11.21 Different types of conductivity cells. 


Cell constant = ~ (11.40) 


The cell constant of the conductivity cell is determined by measuring the resistance of a solution of an electrolyte 
of known conductivity at a given temperature. Generally, a solution of KCI at 298 K is used, for which the con- 
ductivity values are reported in literature at different concentrations and temperatures. Once the value of 
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cell constant of a conductivity cell is determined, electrolytic con- Conductivity cell 
ductivity of any solution can be computed from the measured \ 
resistance. 

The Wheatstone bridge (Fig. 11.22) set up for measurement of resist- 
ance consists of two resistances R, and R,,a variable resistance R, and the 
conductivity cell with unknown resistance R,. The setup is fed with an AC 
power and a suitable headphone detector is used. When the bridge is bal- 
anced, no current passes through the bridge and therefore, we have 


LR,=1LR, and 1,R,=1,R, 


AC generator 


Using this relation, we get 


High impedance meter 


or R,= Figure 11.22 Wheatstone bridge. 


Thus, if R,, R, and R, are known, R, can be determined and using values of cell constant, the conductivity of the ionic 
solution can be determined. The conductance of different electrolytes in the same solvent and at a given temperature 
is different due to difference in nature (charge and size) of ions formed on dissociation of electrolytes. To account for 
the nature of ions, a more appropriate term (physical quantity) called molar is used to compare conductance of differ- 
ent electrolytes in the same solvent at a given temperature. 


Molar and Equivalent Conductance 


Molar conductance is defined as the conductance of an electrolytic solution due to all the ions obtained from 1 mol of 
electrolyte at a given concentration. Mathematically, 


kK 


A, == 11.41 
"1000 x C ( ) 
where x is the specific conductance of the solution and C is the molar concentration of the solution. The units of molar 
conductance in S.I. system are S m’ mol". 
Another physical quantity called the equivalent conductance is also used. It is the conductance of an electrolytic solu- 
tion due to all the ions obtained from 1 gram-equivalent (1 g-equiv.) mass of the electrolyte at a given concentration. 
Therefore, 


A=kKV 


where « is the conductivity of the solution and V is the volume of the solution containing 1 g-equiv. of the substance. 
In terms of concentration, 


kK 


a (11.42) 
1000xC 


In S.I. system, equivalent conductance has S m” g-equiv.”' as the unit. 


Effect of Dilution on Molar Conductance 


Conductance of a solution depends on the number of ions. It is observed that molar conductance increases upon dilu- 
tion. This may be due to the increase in the degree of dissociation of the electrolyte or due to decreased ion—ion force 
of attraction. 

With dilution, the influence by other ions on the movement of an ion decreases. At a particular dilution, the ion 
becomes totally independent of other ions. At this point, it contributes maximum towards the conductance of the 
solution. The part of the conductance of the solution due to movement of an ion is referred to as ionic conductance. 
Under the conditions, the molar conductance of the solution reaches the maximum value. This value is called molar 
conductance at infinite dilution (A° ). 
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The molar conductance at infinite dilution of an electrolyte is the maximum 
value that an electrolyte can offer. At this point, the conductance is either due to 
increase in concentration of ions (in a weak electrolyte) or decrease in interionic 
attraction (in a strong electrolyte). The graphical representation of molar conduct- 
ance vs. square root of the concentration reinforces this conclusion (Fig. 11.23). 

It can be found from the graph that for a strong electrolyte, as the concentra- 
tion approaches the zero value, the molar conductance approaches a limiting value 
called molar conductance at infinite dilution. The y-intercept made by the curve 
indicates the molar conductance at infinite dilution. 

The curve for a weak electrolyte is a rectangular hyperbola and does not inter- 
cept the y-axis. Even though the concept of molar conductance at infinite dilution 
exists for a weak electrolyte, graphically the value cannot be evaluated. 


60 + 


ae CH COOH 


Molar conductivity, A(S~! cm? mol-*) 


JC x 104 


Figure 11.23 Plot of molar con- 
L} 

Kohlrausch’s Law ductance vs. (concentration). 
The variation in molar conductivity with concentration for strong electrolytes is 

given by an empirical relation proposed by Kohlrausch based on a number of experimental observations. At low concen- 


trations, the relation is represented by the equation 


Ne IN See (11.43) 


where k is a constant that is specific for a given solvent at a given temperature, but varies with the type of electrolyte, 
that is, the number of charges on the ions produced by dissociation of the electrolyte. For example, electrolytes like 
KCl, MgCl, and CaSO, are known as 1-1, 1-2, 2-2 types of electrolytes. The value of k for similar type of electrolytes 
is the same. A plot of de vs. /C would give a straight line with slope equal to —-k and intercept on y-axis equal to AY 
(Fig. 11.23). Kohlrausch “observed certain very interesting relation between the value of A° of different electrolytes 
having common anion or cation (Table 11.3). 


Table 11.3 Molar sate at infinite dilution of different electrolytes at 298 K, in S m? mol" 


Electrolytes (S m? oe ) Difference Remarks 
KCl 3 
2.34 x 10 
<Cl 14.99 x 107 i 
12.6510 Difference in conductance is due to difference in conductance of K* 
KNO, 43 and Na’ ions 
2 14.5x10° 2.34 x 10 
NaNO, 2 
12.16 10° 
KCl =5) 
14. 10° 0.49 x 10 
KNO, 99 x 
TAS iO 
eee 12.65 x 10 0.49 x 10° Difference in conductance is due to difference in conductance of Cl” 
i 1216x102 and NO; ions 
HCl al ao 
42.62 x 10~ 0.49 x 10 
HNO, - 
42.1310" 


This observation made him formulate the law which states that at infinite dilution when all the interionic effects dis- 
appear, each ion makes a definite contribution towards the molar conductivity of the electrolyte irrespective of the 
nature of the other ion with which it is associated. Mathematically, the law can be stated as 


N= VA, EVs. (11.44) 
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where A®, A? and A’ are limiting molar conductivities of the electrolyte, cations and anions, respectively and v, and 
v_are the number of cations and anions. For example, for CaCl,, the Kohlrausch law of independent migration can be 
written as 


0 0 0 
Anycac,) = Ag+ +24 6- 


Note: The conductivity of a strong electrolyte increases on dilution slightly. This is explained by the Debye—Huckel- 
Onsager equation 


= A° —(A+ BA? )VC 


where A and B are the Debye—Huckel constants. If a solution is at infinite dilution, that is, C is almost zero then 
Des = re 


The variation of molar conductivity of a solution of weak electrolyte is not a linear function of the concentration. The 
molar conductivity increases sharply with decrease in concentration and this is attributed to the increase in degree of 
dissociation on dilution. Weak electrolytes have a lower degree of dissociation and dissociate to a greater extent in 
dilute solutions. The number of cations and anions increases thus leading to an increase in molar conductivity. In very 
dilute solutions, the weak electrolytes also dissociate completely and molar conductivity approaches limiting molar 
conductivity value (A). However, the values are low and cannot be obtained accurately by extrapolation of curve and 
Kohlrausch law of independent migration of ions is used to obtain A° for weak electrolytes. 

Since molar conductivity depends on the number of free or dissociated ions, we can write degree of dissociation 
in terms of molar conductivity as 


No 7 Na 
This relation is used to evaluate the degree of dissociation of an electrolyte from the values of molar conductivity at 
that concentration and limiting value of molar conductivity. Thus, at any concentration (C) the degree of dissociation is 


a=Ae (11.45) 


where A, is obtained by measurement of resistance in a conductivity cell and A° is evaluated from Kohlrausch law of 


independent migration of ions. For a weak electrolyte, the dissociation constant at concentration C is given by 


_(Ca)(Ca) _ Ca’ 
C(l-a@) 1-a 


Using value of @ from Eq. (11.45), we get 


2 oy 
a ee eee (11.46) 
GS (1-48 he AG) 
a A 


0 
m 


Applications of Kohlrausch Law of Independent lonic Migration 


1. To calculate the A° of weak electrolytes: The A° values of strong electrolytes can be graphically obtained, while 
those of weak electrolytes are calculated indirectly by knowing A°® values of selected strong electrolytes. The law 
can be used in evaluating molar conductivity at infinite dilution for weak electrolytes from the individual values 
of limiting molar conductivities of the ions. For example, if A®? of HCl, NaCl and CH,COONa are known then A? 
of acetic acid can be calculated as 


0 0 7 
A(cu,coon) = Aces, coo) + Aaa) 


— Ao 0 0 
= Moc + A (cH,coona) ~ Acaciy 


— 40 0 0 0 0 
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2. To calculate the ionic conductance: The ionic conductance (/”) can be calculated provided the transport number 
and molar conductance at infinite dilution are known. 


0 
t= 4) (11.47) 
where f, is the transport number of the ion. 


3. To calculate the solubility of the sparingly soluble salt: A saturated solution of a sparingly soluble salt is a very 
dilute solution. If the specific conductance of the solution is determined, the concentration of the solution can be 
calculated. 


0 kK 


a (11.48) 
1000x C 


The molar conductance at infinite dilution can be obtained from Table 11.3. 
For example, given that: 


K ggcuag) = * and Kyo =y 
Ane = W, and 2°. = W, 


We have to determine K,,(,). We know that for any sparingly soluble salt 


A=A® 
Therefore, 
100 7 7 
K ggcus) * <a = es + An 
K gsc) = K agciag) — Kio =X—-y 
Since, 
S= VKepcaccn 
Therefore, 


(x-y)x 


=W,+W, 


4. Calculation of K,, of water: Given that 4;,,. =x and Ky. =y.Then 


1000 = 
Cc 


Kx 


Cc 
1000 
A,,.[H'] 


k=Ax 


= Hn 
- 1000 
_ A5,-[OH | 
Ons 1000 
A, [H"]+4,,,- [OF] 
1000 
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Since H,O is a weak electrolyte 
Aa = Ane and Ao 7 Aa 
[H"]=[OH |= yk, 


Therefore, 


Note: While using Kohlrausch’s law for writing molar conductivities, we use the number of cations and anions, but 
while using Kohlrausch’s law for limiting equivalent conductivities, we do not use the number of cations and anions. 
For example, for the reaction 


BaCl, = Ba™ +2Cl- 
AxBacl;) = Avia?) * Avr) 


Ae(BaC,) = Aves”) 5 Anan 


Solved Example 11-52 | 


Calculate the specific conductance (x) of a solution which Solution 
is placed between two electrodes 1.63 x 10° m apart and 
having cross-sectional area 3.996 x 10“ m*. The resistance 
offered by the solution is 1769 ohms. 1 / 1 1.63107 


K=—X—= x 
Roa 17.69 3.996x10* 


Solved Example 11-53 | 


At 298 K, the specific conductance of 0.1 N NaCl is Solution 
=f . 
1.1 S m™. Calculate the equivalent conductance at the Given hatC=01 Nand x=11 Sin” Therefore, 
same temperature. 
K 1.1 


= = = 1.1x10°Sm’ g-equiv." 
1000xC 1000x0.1 


Solved Example 11-54 | 


Calculate the molar conductance of infinite dilution of Solution 
acetic acid at 298 K using the given data: AGacy, A(cu,coona) 


and A’vacy at 298 K as 42.62 x 10° S m’mol"', 9.1 x 10° S 
m’ mol" and 12.65 x 10° S m’ mol", respectively. AS, (CH,;COOH) = Ataay iN acon) = I ices 
= 42.62 x107 +9.1x10° -12.65x 10° 
= 39.07x10° Sm’ mol 


If the resistance offered by the solution is 1769 ohms, then 


= 2.3058 S m™ 


From Kohlrausch’s law, we have 
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Solved Example 11-55 | 


Calculate the molar conductivity at infinite dilution of a 
solution of CH,COOK from the following data: 


Arie = 421 Scm*mol”, 
A‘cu,coona) = 91 Sem’mol™ 


and A‘xxo,) = 145 Sem*mol”™, respectively. 


Solution 


By Kohlrausch law, we have 


0 -— 7? : 
A(cH,cooK) a Arc - A: 


Given that 


A‘ca,coom = eee + Ae, = 390 Scm*mol™ (1) 
Akno,) = Ag+ + Axo; = 145 Scm* mol” (2) 
bv te Anes = 421 Scm’ mol"! (3) 


Adding Eq. (1) and Eq. (2) and subtracting from Eq. (3), 
we get 


0 0 0 0 
Ae coo + Aw a Ae = Axo; 


(Af. + Ajo.) = 390 +145 —421 Sem? mol" 
A +A’. =114 S cm’ mol" 


‘CH,COO7 


Thus molar conductivity at infinite dilution of a solution 
of CH,COOK is 114 S cm’ mo!" 


Solved Example 11-56 | 


The A® values for NaCl and KCl are 126.5 S cm’ mol’ 
and 149.9 S cm’ mol", respectively. The ionic conductance 
of Na’ at infinite dilution is 50.1 S cm? mol"'. Calculate the 
ionic conductance at infinite dilution for K*ion. 
Solution 

Given that 


Avvacy = 126.5 S em’mol™, Ah aecy = 149.9 S cm’ mol”. 


Thus, we have 


0 0 _ 40 _ 40 
Anka — Ancnacty a Ant) Aisi) 


0 0 = = = 2 -1 
or Ag) = Anes = 149.9 -126.5 = 23.4 S cm” mol 
Therefore, 

A = 23.44/4° | =23.44+50.1=73.5 Scm*mol”. 


(K* (Na*) 


Solved Example 11-57 | 


The molar conductivity of acetic acid solution at infinite 
dilution is 390.7 S cm’ mol". Calculate the molar con- 
ductivity of 0.01 M acetic acid solution, given that the dis- 
sociation constant of acetic acid is 1.8 x 10°. 


Solution 
Consider the reaction 
CH,COOH = CH,COO’ +H* 
Initial moles C 0 0 


Moles after equilibrium C(1-@) Ca Ca 


Ca? 
1-a 


The equilibrium constant is given by K = 


Taking 1 - ~@=1, we get K= Ca’. So, 


(x) A, 
a=|)— = OF 
c ral 


Substituting the values, we get 


5 \12 
Pit) SOE Aaa 
300.7 0.01 
or A,, = 390.7 x 4.243 x 107? = 16.57 S cm? 


Solved Example 11-58 | 


From the following molar conductivities at infinite dilu- 
tion, A°, for Ba(OH), = 457 S cm’ mol, A° for BaCl, = 


240.6 S cm’ mol'andA°, for NH, Cl = 2129.8 § cm’ mol". 
Calculate A, for NH,OH. 


https://telegram.me/unacademyplusdiscounts 


Solution 


The expressions are 


A° (Ba(OH),) = 4°, +249. (1) 
A® (BaCl,) = A°,, +222. (2) 
AS, (NH,Cl) = 42, + Ag, (3) 


11.13 | Conductance in Solutions of Electrolytes 


Dividing Eqs. (1) and (2) by 2 and subtracting them, and 

adding this difference to Eq. (3), we get 

Anovn,on = Ax; + Aon: 
1 


1 
0 0 0 
= 3 A nfBa(OH),] ~ 5 A.nBacl,) + AmeNH,c) 


= > 457 -— 5240.6 + 2129.8 = 2238 Scm’ mol"! 


Solved Example 11-59 | 


At, 291 K, the molar conductivities at infinite dilu- 
tion of NH,Cl, NaOH and NaCl are 129.8, 2174 and 
108.9 S cm’ mol", respectively. If the molar conductivity 
of a centinormal solution of NH,OH is 9.33 S cm’ mol", 
what is the percentage dissociation of NH,OH at this dilu- 
tion? Also calculate the dissociation constant of NH,OH. 


Solution 


Given that  Ajyoq=129.8Sem’mol", — Ax,ou = 


217.4 Scm’ mol™ and A},,¢, = 108.9 Scm* mol". 
By Kohlrausch’s law, 


0 0 0 0 0 0 
Anu,on = Asm; au i a Awan,cy Bs A(aon) — Awacy 


= 129.8 + 217.4 -108.9 = 238.3 S cm* mol™ 


Given that A,= 9.33 S cm’ mol". Therefore, degree of dis- 
sociation is 


A .33 
a=— - 23 _ 9.9392 

AY 238.3 
or the percentage dissociation = 0.0392 x 100 = 3.92%. 

Now, the reaction can be represented as 

NH,OH = NH; +OH™ 
Initial concentration C 0 0 

Ca Ca 


Equilibrium concentration C-—Ca 
The equilibrium constant is 


_CaxCa _ Ca? 
C(l-@) l-a@ 
Substituting C = 0.01 N =0.01 M and a@ = 0.0392, we get 


Kc — (0-01) (0.0392) _ 107(3.92 x 107 
1-0.0392 0.09608 


= 1.599 x10" 


Solved Example 11-60 | 


Calculate the molar conductivity and equivalent con- 
ductivity at infinite dilution of potash alum. Given that 


0 - 2 -1 40 = 2 4 
AK) = 73.5Scm* mol Anas) =189Scm‘mol™ and 
0 2. -1 
Aso) = 160Scm* mol 
Solution 


We find that at infinite dilution, 1 mol of potash alum, 
K,SO,-AlL,(SO,),-24H,O will produce 2 mol each of K* 
and Al* and 4 mol of SO77. Hence, we have 


0 0 0 0 
Amik, ‘Al, (SO, )3:24H0] = 2A m(K~ yt 2A m(AI* yt 4A m(SO{ ) 
=2x73.5+2x189+4x160 
= 147+378 +640 = 1165 S cm’ mol 
As the total charge carried by 1 mol of potash alum is 8, 


then 1 equiv. of the salt will be equal to (1/8) of 1 mol. 
Thus, we have 


0 
DN cccicteisl alum) _ 1165 


IN ccisatedl alum) a 8 


= 145.6 Scm’ equiv." 


Solved Example 11-61 | 


We have taken a saturated solution of AgBr. K,, of 
AgBr is 12 x 10°". If 10” mol of AgNO, are added to 1 L 
of this solution, find conductivity (specific conduct- 
ance) of this solution in terms of 10’ S m" units. Given, 


Ao’. =6x10° Sm? mol”, 2° 


(Ag*) (Br-) 


Ao =7x107 Sm? mol". 


(NO3) 


=8x10° Sm’ mol", 


(IIT-JEE 2006) 
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Solution fe -107 +10" +4 x 12x10 
Suppose solubility of AgBr in presence of 10°’ M AgNO, 2 
solution is S. Then the reactions involved are 7 107 +7x107 S246 Ni 
AgBr > Ag*+Br* = 2 7 
Ss Ss 


AgNO, > Ag’ +NO; 
107M 107M 
. specific conductance is 
The concentration terms [Ag*] = [S$ + 10°] and [Br] = S. 


Now, K,, = [Ag’][Br], substituting values, we get LSE ag ee 


NO; 


12x 10" =($+107)S > S?+107S + 12x10 =0 tA ey Cae AG 


(Ag*) 


In solution, we have [Ag*] = § + 107=3x107+107= 
4x 107? M; [Br] = 5 =3 x 107 M; [NO3]=107 M. Now, 


xc 


(Ag*) 


(Br) (NO3) o Cwnos) 


=6x10°x4x107 +8107 x3x107+7x10° x107 


which is quadratic in S, solving and ignoring negative 


root, we get =S5e10"" Sai’ 


11.14 | CONDUCTOMETRIC TITRATIONS 


These titrations are based on the fact that during the titration, one of the ions is 
replaced by the other. Now, these two ions differ in their ionic conductivities, which 
results in varying conductivity during the course of titration. So, conductometric titra- 
tions can be performed in solutions where the ions have difference in conductivities 
and mobilities. We can have further cases involving differences in acids and bases, etc. 


Strong Acid vs. Strong Base 


Consider titration of HCI (strong acid) with NaOH (strong base). Initially with pure 
HCI, the conductance is very high due to the highly conducting H* ions. Now, once we 
start adding NaOH, H* (faster moving) are replaced with Na* (slow moving) thereby 
decreasing the overall conductance till the equivalence point, where we have only 
NaCl in our solution. Now, if we further add NaOH, then the solution starts having 
an excess of OH ions, which increases the conductivity. Hence, if we plot a graph of 
conductance versus volume of NaOH added (Fig. 11.24). 


Weak Base vs. Strong Acid 


When a weak base like NH,OH is titrated against HCI by taking HCl in the conduct- 
ance cell. The curve obtained will be of the type shown in Fig. 11.25. 

In this titration, a replacement of highly conducting H,O" ions by feebly ionized 
NH; occurs as the following reaction proceeds: 


H,O* +Cl +NH}+OH —NHj}+Cl +2H,O 


As a result, a fall in conductance is observed up to the end point. After the equiva- 
lence point, the conductance remains practically constant because NH,OH has very 
low conductance compared to HCl or NH,Cl. A slight curvature is observed near the 
end point. This is due to the following reaction 


NH‘ +2H,O = NH,OH+H,0* 
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Figure 11.24 Conductometric 
titration curve of a strong 

acid (HCl) versus strong base 
(NaOR). 
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Figure 11.25 Conductometric 
titration curve of CH,COOH 
(weak acid) versus strong base 
(NaOH). 
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> 


which shows the generation of very fast moving H,O* ions. It is due to the H,O* ion 
produced by hydrolysis in the system that the fall in conductance of the solution is 
arrested and an upward curve in the plot is observed. 


Conductance (S) 


Weak Acid vs. Strong Base 


te 
al 
Ke 
’ 
“ 
> 


Volume of NaOH 


The titration curve of a weak acid like CH,;,COOH by a strong base NaOH shows a 


curved portion which is due to the following hydrolysis reaction: 
Figure 11.26 Conductometric 


CH.COO- +H.O = CH.COOH + OH- titration curve of CH,COOH 
: oo (weak acid) vs. strong base 
NaOh). 
Due to the common ion effect of CH,COONa during the titration, the dissociation eee) 
of acetic acid is suppressed. Consequently, the conductivity increases as the con- ‘ 
ducting power of sodium acetate is more than that of the feebly ionized acetic acid. __ 
The curvature is not so marked in this case (Fig. 11.26). a 
@ CH3;COOH 
S vs. NaOH NaOH 
iS) 
e ° =| 
Mixture of Acids vs. Strong Base Zl aa 
rs) Equivalence 
When a mixture containing both the strong acid (HCl) and a weak acid vs. NaOH points 


(CH,COOH) is titrated with a strong base (NaOH), the conductance of the solu- 
tion gradually decreases due to the removal of H*ions of highly ionized HCl 
to form unionized water. Subsequently, the feebly ionized weak acid is neutral- Figure 11.27 Conductometric 
ized. The conductance increases marginally due to the salts produced. After the _ titration curve of mixture of 
equivalence point, the increase in conductance is appreciable due to the added acids (HCI + CH,COOH) vs. 
OH ions (Fig. 11.27). The variation in conductance is an indicator of the trend in strong base (NaOH). 

the neutralization reaction. 


Volume of NaOH 


Na*+OH +H*+Cl > Na*+Cl +H,O A AAaNOs 
H le NaCl 
CH,COOH + Na* +OH” — CH,COO +Na*+H,O B mab 
e g e 
8 
3 
AgNO, vs. NaCl 8 | 
> 


When NaCl is added to a solution of AgNO,, initially the conductance is high as Volume of NaCl 
AgNO, is a strong electrolyte. But as soon as AgCl is formed, there is a marked drop 
in the conductance and it remains constant till all AgNO, is used up as AgCl does 
not dissociate. After AgNO, is used completely, there is an increase in conductance 
as NaCl is free and it is a strong electrolyte (Fig. 11.28). 


Figure 11.28 Conductometric 
titration curve of a mixture of 
AgNO, and NaCl. 


SOLVED OBJECTIVE QUESTIONS FROM PREVIOUS YEAR PAPERS 


1. Which of the following statements is correct for an electro- (D) Migration of ions along with reduction reaction at 
lytic cell? (IIT-JEE 2003) cathode and oxidation reaction at anode. 
(A) Electrons flow from cathode to anode through the 
external battery. Solution 


(B) Electrons flow from cathode to anode within the elec- 
trolytic solution. 

(C) Migration of ions along with oxidation reaction at 
cathode and reduction reaction at anode. 


(D) In an electrolytic cell, electrons do not flow themselves. 
It is the migration of ions towards oppositely charged 
electrons that indirectly constitute the flow of electrons 
from cathode to anode through internal supply. 
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2. Zn|Zn**(a=0.1M)|\Fe**(a=0.01 M)|Fe. The emf of the 
above cell is 0.2905 V. Equilibrium constant for the cell 
reaction is (IIT-JEE 2004) 
(A) 109°72/0.0991 (B) 1.9°32/0.0295 


(C) 19°26/0.0295 (D) @932!0.295 


Solution 


(B) Consider the reaction Zn + Fe** > Zn** + Fe 


0.2905 = E? 


cell 


(“S*) ( 0.1 ) 
log 
2 0.01 


Solving, we get E®,, = 0.2905 + 0.02905 = 0.32. Now, 


cell 


Jloek. = 0.32 = (Jos Ke 


cell — 


. (20st 


Solving, we get K,. = 10/0, 


3. From the following data 
2H*(aq)+40,(g)+2e >H,O(I) Eo, =1.23V 


Fe**(aq)+2e — Fe(s) E°, =-0.44 V 


cell 
show that AG® for 
2Fe(s) + 4H*(aq) + O,(g) > 2Fe™* (aq) + 2H,O(1) is 


(A) -322.3 kJ mol” (B) 483.5 kJ molt 
(C) -644.6 kJ mol" (D) 644.6 kJ mol 


(IIT-JEE 2005) 
Solution 
(C) The reactions involved are 
2H*(aq)+40,(g)+2e >H,O() £2, =1.23V (1) 
Fe**(aq)+2e — Fe(s) E?,, =-0.44V (2) 


Multiplying Eqs. (1) and (2) by 2, we get 


4H*(aq)+0O,(g)+4e" > 2H,O(l) £2, =2.46V (3) 
2Fe** (aq)+ 4e° > 2Fe(s) E’,, =—-0.88 V (4) 
Reverse Eq. (4), we get 

2Fe(s) > 2Fe**(aq)+4e -E°,, = +0.88 V (5) 


Adding Eqs. (3) and (5), we get 
2Fe + 4H* +O, > 2Fe”* + 2H,O 
E’., = 2.46 + 0.88 = 3.34 V 


cell 
Therefore, 


AG® = —-nFE?,, = —2 x 96500 x 3.34 = -644.6 kJ mol” 


cell 
4. Read the paragraph below and answer the questions that 
follow. 


Tollens’ reagent is used for the detection of aldehyde when 
a solution of AgNO, is added to glucose with NH,OH then 
gluconic acid is formed 


4a. 


4b. 


4c. 
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Ag*(aq)+e — Ag(s); E° =0.8V 


Ag'/Ag 
C,H,,0,(s)+H,O() > C,H,,0O, (aq)+2H*(aq)+2e; 
Gluconic acid 


E? , = 0.05 V 


[Ag(NH;),]"(aq) +e — Ag(s) + 2NH,(aq) Ep 


red 
| Use 2.303 x uae = 0.0592 and - = 38.92 at 398 K| 
F RT 


= 0.337 V 


(IIT-JEE 2006) 


2Ag*(aq)+C,H,,0,(s)+H,O(1) > 2Ag(s)+C,H,,0,(aq)+ 
2H* (aq). Find In K of this reaction. 

(A) 66.13 (B) 58.38 

(C) 28.30 (D) 46.29 


Solution 


RT a 
(B) Eo = we . Substituting values, we get 
n 


0.8 —0.05 = : x ae 
2 2.303 


InK =0.75x2~x zoe = 
0.0592 


Ink 


or 58.35 


When ammonia is added to the solution, pH is raised to 
11. Which half-cell reaction is affected by pH and by how 
much? 

(A) E,, will increase by a factor of 0.65 from E%. 

(B) E,, will decrease by a factor of 0.65 from E>, 

(C) Enea 


(D) E 


will increase by a factor of 0.65 from E?. 


will decrease by a factor of 0.65 from E>. 


red 
Solution 


(C) On increasing the concentration of NH,, the concen- 
tration of H” ions decreases. Therefore, E,,, increases. 


Ammonia is always is added in this reaction. Which of the 

following must be incorrect? 

(A) NH, will combines with Ag” to form a complex. 

(B) [Ag(NH,).,]* is a stronger oxidizing reagent than Ag’. 

(C) Inabsence of NH,, silver salt of gluconic acid is formed. 

(D) NH, has affected the standard reduction potential of 
glucose/gluconic acid electrode. 


Solution 


(D) It is clear from the reaction that NH, combines with 

Ag to give [Ag(NH,),]". Also, the value of E°, of 
Ag’ is greater than [Ag(NH,),]", which means it is a 
stronger oxidizing agent than Ag’, and in absence of 


ammonia, gluconic acid is formed. 


. Read the passage below and answer the questions that 


follow: 

Redox reactions play a pivotal role in chemistry and biol- 
ogy. The values of standard redox potential (E°) of two half- 
cell reactions decide which way the reaction is expected to 
proceed. A simple example is a Daniell cell in which zinc 
goes into solution and copper gets deposited. Given below 
are a set of half-cell reactions (acidic medium) along with 
their E°(V) with respect to normal hydrogen electrode 
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5a. 


5b. 


5c. 


values. Using this data obtain the correct explanations to 
Questions 5a to 5c. 


1,+2e 27; E° =0.54V 
Cl, +2e > 2Cr; E* =1.36V 
Mn** +e” > Mn”*; E° =1.50V 
Fe* +e > Fe”*; E° =0.77V 
0,+4H' +4e°32H,O; E°=123V 
(IIT-JEE 2007) 


Among the following, identify the correct statement. 
(A) Chloride ion is oxidized by O, 

(B) Fe” is oxidized by iodine 

(C) Iodide ion is oxidized by chlorine 

(D) Mn” is oxidized by chlorine 


Solution 


(C) E° values indicate the reduction potential of the ion/ 
atom. A negative or smaller value of E° means that is 
acting as a reducing agent or it is getting oxidized as 
compared to the electrode having higher value of E°. 
Here, the reduction potential of iodide ion is less than 
chlorine, so iodide is getting oxidized by chlorine. It 
could have been oxidized by Mn or O, because they too 
have higher value of reduction potential than iodide. 


While Fe* is stable, Mn** is not stable in acid solution 
because 

(A) O, oxidizes Mn**to Mn** 

(B) O, oxidizes both Mn**to Mn**and Fe**to Fe** 

(C) Fe** oxidizes H,O to O, 

(D) Mn* oxidizes H,O to O, 


Solution 


(D) Reaction of Mn* with H,O is spontaneous. 
At the anode: O, +4H* +4e° > 2H,O; E°=1.23V 


At the cathode: Mn**+e7 > Mn**; E° =1.50V 
E E E = 1.50-1.23=0.27 V 


cell — cathode anode 


Since E,., 18 positive, the reaction is spontaneous 
because Gibbs energy is negative = —nFE, 


cell* 


Sodium fusion extract, obtained from aniline, on treatment 
with iron(II) sulphate and H,SO, in presence of air gives a 
Prussian blue precipitate. The blue color is due to the for- 
mation of 

(A) Fe,[Fe(CN),]; 
(C) Fe,[Fe(CN),], 


(B) Fe,[Fe(CN),], 
(D) Fe,[Fe(CN),]; 


Solution 

(A) Fe(OH), + 6NaCN > Na,Fe(CN), + 2NaOH 
Sodium 
ferrocyanide 


3Na,Fe(CN), + 2Fe,(SO,), > Fe,[Fe(CN),], + 6Na,SO, 
Prussian blue ppt. 


6a. 


6b. 


6c. 
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. Read the passage below and answer the questions that follow: 


Chemical reactions involve interaction of atoms and mol- 
ecules. A large number of atoms/molecules (approximately 
6.023 x 10°) are present in a few grams of any chemical 
compound varying with their atomic/molecular masses. 
To handle such large numbers conveniently, the mole 
concept was introduced. This concept has implications in 
diverse areas such as analytical chemistry, biochemistry, 
electrochemistry and radiochemistry. The following exam- 
ple illustrates a typical case, involving chemical/electro- 
chemical reaction, which requires a clear understanding of 
the mole concept. 
A 4.0 M aqueous solution of NaCl is prepared and 500 mL 
of this solution is electrolyzed. This leads to the evolution 
of chlorine gas at one of the electrodes (atomic mass: Na = 
23u, Hg = 200u; 1 Faraday = 96500 coulombs) 

(IIT-JEE 2007) 


The total number of moles of chlorine gas evolved is 


(A) 0.5 (B) 1.0 
(C) 2.0 (D) 3.0 
Solution 


(B) The reaction is NaCl — Na* + CI. The reaction at 
anode is 2CI > Cl,. The number of moles of Cl =2 in 
500 mL. Therefore, 1 mol of Cl, is evolved. 


If the cathode is a Hg electrode, the maximum mass of 
amalgam formed from this solution is 


(A) 200 g (B) 225g 
(C) 400g (D) 446 g 
Solution 


(D) Na-Hg (amalgam) formed = 2 mol at cathode 
= (200 + 23) x2 =446 g. 


The total charge required for complete electrolysis is 


(A) 24125C (B) 48250 C 
(C) 96500 C (D) 193000 C 
Solution 


(D) 2 mol of electrons are required or 2 F of charge is 
required for complete electrolysis. Now, I F = 96500 C. 
So, 2 F= 96500 x 2 = 193000 C. 


- Electrolysis of dilute aqueous NaCl solution was carried 


out by passing 10 milliampere current. The time required 
to liberate 0.01 mol of H, gas at the cathode is (1 Faraday 
constant = 96500 C mol’) (IIT-JEE 2008) 
(A) 9.65 x 10's (B) 19.3x 10's 
(C) 28.95 x 10*s (D) 38.6 x 10*s 


Solution 


(B) We know that 


Q=I1xt=10x10°xt (1) 
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In the reaction 2H,O0+ 2e + H,+20H to liberate 


0.01 mol of H,, 0.02 F charge is required. The charge 
Q =0.02 x 96500 C. Substituting in Eq. (1), we get 


0.02 x 96500 C= 10° x t>1t=19.3x10*s 


8. For the reduction of NO; ion in an aqueous solution, E° is 
+ 0.96 V. Values of E° for some metal ions are given below: 


V""(aq) + 2e° 3 V; E°=-119V 
Fe**(aq) + 3e — Fe; E° =-0.04V 
Au*(aq) + 3e > Au; FE? =+1.40 V 
Hg*(aq) + 2e — Hg; E° = +0.86 V 


The pair(s) of metals that is (are) oxidized by NO; in aque- 
ous solution is (are) 
(A) V and Hg 
(C) Fe and Au 


(B) Hg and Fe 
(D) Fe and V 
(IIT-JEE 2009) 


Solution 


(A), (B),(D) EQ. = 0.96 V and V, Fe, Hg have low value of 
standard reduction potential with respect to NO. So, V, Fe, 
Hg can be oxidized by NO; in aqueous solution. 


9. Read the following paragraph and answer the questions 
that follow: 


The concentration of potassium ions inside a biological 
cell is at least twenty times higher than the outside. The 
resulting potential difference across the cell is impor- 
tant in several processes such as transmission of nerve 
impulses and maintaining the ion balance. A simple 
model for such a concentration cell involving a metal M is: 
M(s)|M*(aq, 0.05 M) |] M*(aq,1 M)| M(s). For this electro- 
lytic cell, the magnitude of the cell potential |F,,,| = 70 mV. 


(IIT-JEE 2010) 
9a. For the above cell 
(A) En <0; AG > 0 (B) E,. > 0;AG <0 
(C) E,. <0;AG° >0 (D) E,. > 0;AG° > 0 
Solution 


(B) For the given concentration cell 


2.303 RT, C, _ 2.303 RT 1 


Eon = lo lo =+ve 

ms nF ig C, nF © 0.05 
or E,,,, > 0. For the cell reaction to be spontaneous, 
AG <0. 


9b. If the 0.5 M solution of M’ is replaced by 0.0025 M solution 


of M*, then the magnitude of the cell potential would be 


(A) 35 mV (B) 70mV 
(C) 140 mV (D) 700 mV 
Solution 


(C) For the first cell 


2.303 RT 2.303 RT 


(1.301) = 0.07 > = 0.0538 


10. 


11. 


11a. 


Telegram @unacademyplusdiscounts 


For the new cell 


2.303 RT 1 
Eee = log 
F 0.0025 


= 0.0538 x 2.6021 = 0.140 V = 140 mV 


= 0.0538 log 400 


Consider the following cell reaction: 
2Fe(s) + O,(g) + 4H* (aq) > 2Fe** (aq) + 2H,O(1) 
E° =167V 


At [Fe*] = 10° M, p(O,) = 0.1 atm and pH = 3, the cell 
potential at 20°C is 


(A) 147V (B) L77V 
(C) 1.87V (D) 1.57V  (IT-JEE 2011) 
Solution 


(D) For the reaction 
2Fe(s) + O,(g)+ 4H* > 2Fe (aq) + 2H,O(1) 
E° =1.67V 


Using Nernst equation, 
(-) [Fe] 
log = 
n [O, ][H"] 
—3\2 
= 1.67 (A hoe o J 7 
4 (107*)(10~) 


6 
-167 (2) tog _ 
4 10°” 


FE, = ES. 


cell cell 


= 1.67 (=) x7=1.57V 


Read the passage and answer the questions that follow: 
The electrochemical cell shown below is a concentration cell. 
M|M* (saturated solution of a sparingly soluble salt, 
MxX,)||M* (0.001 mol dm™)|M 

The emf of the cell depends on the difference in concen- 
trations of M” ions at the two electrodes. The emf of the 
cell at 298 K is 0.059 V. (IIT-JEE 2012) 


The value of AG (kJ mol’) for the given cell is (take 1 F= 
96500 C mol") 


(A) -5.7 (B) 5.7 
(C) 11.4 (D) -11.4 
Solution 


(D) At the anode: M > M* + 2e 
At the cathode: M* + 2e 3M 
We know that AG =-nFE,,,,. Given that E,., = 0.059 V, 
1 F = 96500 C and n = number of electrons = 2. 


Substituting, we get 


AG = -2 x 96500 x 0.059 = -113873 J mol! 
= —11.387 = 11.4 kJ mol" 


11b. The solubility product (K,,; mol’ dm”) of MX, at 298 K 


sp? 
based on the information available for the given concen- 


tration cell is (take 2.303 x R x 298/F = 0.0591 V). 
(A) 1x10 (B) 4x10 
(C) 1x10” (D) 4x10 
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Solution 
(B) Using the Nernst equation at equilibrium 
0.0591, [M**]* 0.0591 0.001 
108 ee = O8 Fat 
n IM" 2 [M™}" 
or [M*]=10°=S 


Een = 


From the equation 
MX, =M”* +2X™ 
Ss Ss 28 
Therefore, K,, = 4S° = 4 x (10°)’=4 x 10° mol dm”. 
12. An aqueous solution of X is added slowly to an aqueous 
solution of Y as shown in List I. The variation in conductiv- 
ity of these reactions is given in List II. Match List I with 
List II and select the correct answer using the code given 
below the lists: 


List I List II 


P. (C,H,),N + CH,COOH 1. Conductivity decreases 
x ¥ and then increases 


Q. KI (0.1 M) + AgNO, (0.01 M) 2. Conductivity decreases 


x Y and then does not 
change much 
R. CH,COOH + KOH 3. Conductivity increases 
x Y. and then does not 
change much 
S. NaOH + HI 4. Conductivity does not 
x Y change much and then 
increases 
P Q R_ S 
(A) 3 4 2 1 
(B) 4 3 2 1 
(C) 2 3 4 1 
(D) 1 4 3 2 
(JEE Advanced 2013) 
Solution 


(A) In the given reactions: re 
For (P):(C,H,),N + CH,COOH (C,H, ); NHCH,COO™ 
x x 


First, the conductivity increases due to neutralization 
+ 
of CH,COOH and replacement of H* by (C,H,;),; NH, 


after that it becomes practically constant due to buff- 
ering, because of which [H*] becomes constant and 


[(C,H;); NH] increases. 


For (Q): KI (0.1 M) + AgNO, (0.01 M) > Agl + KNO, 
x Y 


Initially, only Ag* is replaced by K*, so the number of 
ions in the solution remains constant till all of AgNO, is 
precipitated as AgI. After this precipitation, conductance 
increases due to increase in number of ions 
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For (R): CH,COOH + KOH > CH,COOK + H,O 
x Y 


Initially conductance decreases due to replacement of 
OH by CH,COO' and then slowly increases due to the 
increases in number of H™ ions. 


For (S): NaOH + HI > Nal + H,O 
x Y 


Initially, conductance decreases due to replacement of 
H" ions by Na* and then increases due to the increase in 
OFZ ions. 


13. The standard reduction potential data at 25°C is given 


below. 
E°(Fe**, Fe**) = + 0.77 V; 
E°(Fe’*, Fe) = - 0.44 V 
E°(Cu**, Cu) = + 0.34 V; 
E*(Cu*, Cu) = + 0.52 V 
E*[O,(g) + 4H’ + 4e° > 2H,O] = + 1.23 V; 
E[O,(g) + 2 H,O + 4e > 40H ] = + 0.40 V 
E°(Cr*, Cr) =- 0.74 V; 
E°(Cr™, Cr) =- 0.91 V 
Match E° of the redox pair in List I with the values given in 


List II and select the correct answer using the code given 
below the lists: 


List I List II 
P. E° (Fe**, Fe) 1.-0.18 V 
Q. E°(4H,O = 4H* +40H-) ees 
R. E°(Cu* + Cu > 2Cu’) 3. -0.04 V 
SECC) 4. -0.83 V 
P Q R Ss 

(A) 4 1 2 3 

) 2 3 4 1 

) 1 2 3 4 

) 3 4 1 2 

(JEE Advanced 2013) 
Solution 


(D) In the given reactions. 

For (P): The half reactions and net reactions are as follows: 
Fe** +e” > Fe”* 
Fe** +2e + Fe 
Fe* + 3e — Fe 


For the overall reaction, 
AG} = AG)? + AG; 
3FxE =-1F x0.77 -2F x (-0.44) 


oO 
Fe** /Fe 
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14. 


15. 


Solving, we get 


O11 
3 


BE? spe = TOLLS EPs ice 


—0.036 V = -0.04 V 


For (Q): The half reactions and net reactions are as follows: 
2H,O > 0, +4H*+4e E° =-1.23V 
4e-+0,+2H,O>OH E° =0.40V 
4H,O > 4H*+40OH E°=? 


For the overall reaction, E° = —1.23+ 0.40=-—0.83 V 
For (R): The half reactions and net reactions are as follows: 


Cu*+2e >Cu E° =4+0.34V 
2Cu > Cu*+2e E° =-0.52V 
Cu**+Cu>2Cu* E° =? 


For the overall reaction, E° = 0.34 —0.52=-0.18 V 
For (S): The half reactions and net reactions are as follows: 


Cr** +3e7 3 Cr 
Cr > Cr** + 2e7 


Cr** +e 3 Cr** 


For the overall reaction, 


AG? = AG? +AG? 


-LF x Ee 5. oe = 3F x0.74 -2F x0.91 
Solving, we get en cet = -0.4 V 


In a galvanic cell, the salt bridge 

(A) does not participate chemically in the cell reaction. 

(B) stops the diffusion of ions from one electrode to 
another. 

(C) is necessary for the occurrence of the cell reaction. 

(D) ensures mixing of the two electrolytic solutions. 


(JEE Advanced 2014) 


Solution 
(A) The salt bridge contains neutral electrolyte and hence 
does not participate in the reaction. 


All the energy released from the reaction X > Y, A,G° = 
—193 kJ mol" is used for oxidizing M* as M* > M* + 2e’, 
E°=-0.25 V. 

Under standard conditions, the number of moles of M* 
oxidized when one mole of X is converted to Y is 

[F = 96500 C mol] (JEE Advanced 2015) 


Solution 


(4) We know that 


AG =-nFE®, 
= -2 x 96,500 x (-0.25) 
= 48,250 =48.25kJ 


16. 


17. 


18. 
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For energy conversion of one mole of M* > M™, the 
requirement is 48.25 kJ. 

Therefore, with 193 kJ, number of moles of M oxidized is 
equal to 193/48.25 = 4 mol 


The molar conductivity of a solution of a weak acid HX 
(0.01 M) is 10 times smaller than the molar conductivity 
of a solution of a weak acid HY (0.10 M). If Ay. x Ay. : 


the difference in their pK, values, pK,(HX) — pK,(HY), is 
(consider dewree of ionization of both acids to be <1) 
(JEE Advanced 2015) 
Solution 
(3) For HX and HY since 4. = Aj_, 
ACHX) _ Gux _ 1 


A(HY) Gy, 10 
Hoax) _ (Ca dx = VK.) ux (1) 
Hiv) (Ca Jay OO ee 


Hix) 0.01. 1 
= — X — 
He 0.1 


(HY) 


Taking negative log of both the sides of Eq. (1), we get 
1 1 
pH(HX) ~ pH(HY) = F1o8(K,C)x | -F108(K,Cin 


O= 5[PK,(HX) -2]- 5[PK.(HY) -1] 


0 = pK, (HX) - pK, (HY) -—3 
= pK, (HX) - pK, (HY) = 3 


When during electrolysis of a solution of AgNO,, 9650 C 
of charge pass through the electroplating bath, the mass of 


silver deposited on the cathode will be (AIEEE 2003) 
(A) 1.08 g (B) 10.8 g 

(C) 21.68 (D) 108 g 

Solution 


(B) 1 F of charge is required to deposit 108 g of silver. 
96500 C of charge is required to deposit 108 g of silver. 


9650 C will deposit ue 
96500 


x 9650 = 10.8 g silver. 


For the redox reaction: Zn(s) + Cu** (0.1 M) > Zn**(1 M)+ 
Cu(s) taking place in a cell, E?,, is 1.10 V. E,,,, for the cell 


cell 


will be [2.303 (RT/F) = 0.0591] (AIEEE 2003) 
(A) 2.14V (B) 180V 

(C) 107V (D) 0.82 V 

Solution 


(C) According to Nernst equation, at STP we have 
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19. 


20. 


21. 


22. 


23. 


0.0591, acc 


Eo, = Ey - ra °F Cu] 
= 11-2 og = =1.07V 


For a cell reaction involving a two-electron change, the 
standard emf of the cell is found to be 0.295 V at 25°C. 
The equilibrium constant of the reaction at 25°C will be 


(AIEEE 2003) 
(A) 1x10 (B) 29.5x 107 
(C) 10 (D) 1x10” 
Solution 
> 0.0591 
(D) We know that E2., = log K,. Given that n = 
so we have 
K, =antilog eave? | 1x10" 
0.0591 


Standard reduction electrode potentials of three metals A, 


B and C are, respectively, +0.5 V, —3.0 V and —1.2 V. The 


reducing powers of these metals are (AIEEE 2003) 
(A) B>C>A (B) A>B>C 

(C) C>B>A (D) A>C>B 

Solution 


(A) Higher the value of reduction potential, stronger is the 
oxidizing agent. 

Several blocks of magnesium are fixed to the bottom of a 

ship to (AIEEE 2003) 

(A) keep away the sharks. 

(B) make the ship lighter. 

(C) prevent action of water and salt. 

(D) prevent puncturing by under sea rocks. 


Solution 


(C) This is done to prevent corrosion caused by water and 
salt. 


In hydrogen-oxygen fuel cell, combustion of hydrogen 

occurs to (AIEEE 2004) 

(A) generate heat. 

(B) remove adsorbed oxygen from electrode surfaces. 

(C) produce high purity water. 

(D) create potential difference between the two 
electrodes. 


Solution 


(D) By creating potential difference between two elec- 
trodes, fuel cell can be used to generate electricity. 


Consider the following E° values, Ero mer = 0.77 V and 
ES» “181 = -0.14 V. Under standard conditions is the 
potential for the reaction is Sn(s) + 2Fe** (aq) > 2Fe** (aq) 
+ Sn™ (aq) 

(A) 1.68 V (B) 0.63 V 

(C) 0.91 V (D) 140V (AIEEE 2004) 


24. 


25. 


26. 


27. 


28. 
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Solution 
(C) At the cathode: Fe** (aq) + e” — Fe**(aq) 
At the anode: Sn(s) > Sn** (aq) + 2e7 


° fe) fe) 
E. cell =£ cathode ae =) 


anode 


= 0.77-(-0.14) =0.91 V 


The standard emf of a cell, involving one electron charge 
is found to be 0.591 V at 25°C. The equilibrium constant of 
the reaction is (F = 96,500 C molt: R = 8.314 J K* mol!) 


(AIEEE 2004) 
(A) 1.0x 10! (B) 1.0x 10 
(C) 10x10” (D) 1.0x 10° 
Solution 

_ 0.0591 1x0.591 
C) We have E®° log K,, solog K.. = ———— = 

(C) l= BK, solog Ke =— co 
or K, =1x10" 
The limiting molar conductivities A° for NaCl, KBr and 
KCl are 126, 152 and 150 S cm* mol", respectively. The A° 
for NaBr is (AIEEE 2004) 
(A) 128 S cm’ mol! (B) 302 S cm’ molt 
(C) 278 S cm? mol! (D) 176 S cm’ mol" 
Solution 


0 0 0 0 
(A) A (abr) = A vnaciy +f Acxpr) a Aen 


= 126+ 152-150 =128 Scm’ mol 
The Esme », values for Cr, Mn, Fe and Co are —0.41, +1.57, 
+0.77 and +1.97 V, respectively. For which one of these 
metals the change in oxidation state from +2 to +3 is the 


easiest? (AIEEE 2004) 
(A) Cr (B) Co 

(C) Fe (D) Mn 

Solution 


(A) Changing oxidation number from +2 to +3 means 
undergoing oxidation. As we know that from the reac- 
tivity series, metals with lower E° values undergo oxi- 
dation easily than those with higher E° values. 


During the process of electrolytic refining of copper, some 

metals present as impurity settle as “anode mud” These are 
(AIEEE 2005) 

(A) Sn and Ag (B) Pb and Zn 

(C) Ag and Au (D) Fe and Ni 


Solution 


(C) The electrolytic method contains valuable metals in 
the form of anode mud, that is, silver and gold. 


The highest electrical conductivity of the following aqueous 
solutions is of (AIEEE 2005) 
(A) 0.1 M acetic acid. 

(B) 0.1 M chloroacetic acid. 

(C) 0.1 M fluoroacetic acid. 

(D) 0.1 M difluoroacetic acid. 


https://telegram.me/unacademyplusdiscounts 


Chapter 11 | Electrochemistry 


Solution 


(D) This is because the electrical conductivity depends on 
the strength of the acid, and difluoroacetic acid is the 
strongest among these. 


29. Aluminium oxide may be electrolyzed at 1000°C to furnish 
aluminium metal (atomic mass = 27 amu; 1 F = 96,500 C). 
The cathode reaction is Al** +3e — Al’. To prepare 5.12 
kg of aluminium metal by this method would require 

(AIEEE 2005) 
(A) 5.49 x 10’ C of electricity 
(B) 1.83 x 10’ C of electricity 
(C) 5.49 x 10* C of electricity 
(D) 5.49 x 10’ C of electricity 


Solution 


(A) To prepare 27 g of Al, electricity required = 3F = 
3 x 96500 C 
Therefore, 5.12 kg (5120 g) will require 


3 x 96500 x 5120 
27 


= 5.49 x10'C 


30. The molar conductivities A},o,. and A,,, at infinite dilu- 
tion in water at 25°C are 91.0 and 426.2 S cm* mol, respec- 


tively. To calculate Af,o,., the additional value required is 


(AIEEE 2006) 
(A) Ai,o (B) Aka 
(C) Aniee (D) Rea 
Solution 
(D) According to Kohlrausch’s law, 
ACi,cooNa = Fee + Ava (1) 
Mg = Ao, +42. (2) 
ANac = Ava + Ae. (3) 


Adding Eggs. (1) and (2) and subtracting Eq. (3) from 
the sum, we get 


0 _ 90 
Acu,coon =/ 


0 _ Ao 0 0 
‘CH,;COO™ + Ay = A cH,coona + Ana _ Anact 


31. Given the data at 25°C, 
Ag+I >Aglit+e; E°=0.152 V 


Ag>Ag* +e; E°=-0.800 V 


What is the value of log K,, for AgI? (AIEEE 2006) 
(A) -8.12 (B) +8.612 

(C) -3783 (D) -16.13 

Solution 


(D) Reversing the first reaction and adding to the second 
Agl(s)+e — Ag(s)+I- (aq); E° =-0.152 V 
Ag(s) > Ag*(aq)+e; E° =-0.800 V 


we get AglI(s) > Ag*(aq)+I- (aq) E° =-0.952V 


) 
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Now, E2,, = pe ipsie . Substituting values, we 
F P 
get 
0.059 
—0.952 = _r log K,, 
or log K,, = pee =-16.135 
> 0.059 


32. Resistance of a conductivity cell filled with a solution of an 
electrolyte of concentration 0.1 M is 100 Q. The conductivity 
of this solution is 1.29 S m’'. Resistance of the same cell when 
filled with 0.2 M of the same solution is 520 Q. The molar 
conductivity of 0.02 M solution of the electrolyte will be 

(AIEEE 2006) 

(B) 1240 x 10“*S m’ mo! 

(D) 12.4x10°S m* mol! 


(A) 124x 10“*S m’ mol 
(C) 1.24x10“*S m’ mol 


Solution 


(D) Given that R = 100 Q. Now, specific conductance is 


x-7{*}9129- : (2)22= 129m" 
R\a 100\.a a 


When R = 520 Q, C= 0.2 M we have 


ee (-) = (129) Sm™ 
a) 520 


Now, molar conductivity (A,,) is A,, =« XV where V 
is in cm*. Now, if M is concentration of solution in mol 
L", then 
Rese = eg i 
M520 0.2 


= 1.24 x 10° =12.4x10“S mmol! 


33. The equivalent conductances of two strong electrolytes at 
infinite dilution in H,O (where ions move freely through 
a solution) at 25°C are Ady coona = 91-0 Sem’equiv’ and 
Abc = 426.2 Scm’equiv'. What additional information/ 
quantity is needed to calculate A° of an aqueous solution 
of acetic acid? 
(A) A° of chloroacetic acid (CICH,COOH) 
(B) A®° of NaCl 
(C) A° of CH,COOK 
(D) The limiting equivalent conductance of H*(A°. ) 


(AIEEE 2007) 
Solution 


(B) From Kohlrausch’s law, 
0 0 0 0 
Acu,coon = Acu,coona + Ana — Axaci 


34. The cell, Zn|Zn™*(1 M) || Cu*(1 M) | Cu (£2, = 1.10 V), was 
allowed to be completely discharged at 298 K. The relative 
concentration of Zn* to Cu”, that is, [Zn**]/[Cu”’] is 
(A) 9.65 x 10* (B) antilog (24.08) 


(C) 373 (D) 1.995 x 10” 
(AIEEE 2007) 
Solution 
(D) Using Nernst equation, E,., = Eo. — ee ioe oa 
u 
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For complete discharge, E,.,, = 0. So, 
> 0.0591, [Zn**] 
cell log 3, = 
n [Cu**] 
The reactions are 
Zn(s) > Zn** (aq) + 2e7 


Cu’*(s)+2e” — Cu(s) 


» 0.0591, [Zn?* 
cell — ee 


2 [Cu**] 
Solving, we get E%,, = 1.10 V (given), so 


cell 


So for = 2, 


[Zn”*] 
[Cu] 
[Zn*] [Zn*] _ 


37.3=1 > = 1.995 x 10°” 
Ficus] [Cu] 


1.10x2_ 
0.0591 


log 


35. Given E° =-0.72V, E =-0.42V. The potential 


0 
cricr Fe*'/Fe 


for the cell Cr | Cr**(0.1 M) || Fe** (0.01 M)| Fe is 


(A) 0.26V (B) 0.399 V 
(C) -0.339V (D) -0.26V 

(AIEEE 2008) 
Solution 


(A) Given that Ee ic = 0-72: V and Eo ie = 0-42 V. For 


the reaction 2Cr(s) + 3Fe”* (aq) > 3Fe(s) + 2Cr** (aq), 
according to Nernst equation 


» 0.0591, [Cr*} 
Ee = Een n log [Fe**}? 
2 
=(ido-cnr7a)= Ogg OD 
6 (0.01): 
2 
= 9,30 — 2.059 og (0-1) : 
6 °(0.01) 
-2 
= 0.30 a log ~ = 0.30- a log10* 


= 0.30 — 0.0394 = 0.2606 V 


36. Given that ee = —0.036 V, EP os ire = 0-439 V. The 


value of standard electrode potential for the change, 
Fe**(aq)+e — Fe**(aq) will be: 


(A) 0.770 V (B) -0.270 V 
(C) -0.072 V (D) 0.385 V 

(AIEEE 2009) 
Solution 


(A) For the reaction 
Fe**(aq)+3e — Fe(s); E° =—0.036 V (1) 


The Gibbs energy is given by 


AG? =-nFE® = -3x F x (0.036) = +0.108 F 
For the reaction 


Fe**(aq)+2e — Fe(s); E° =-0.439 V 


37. 


38. 
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or Fe(s)— Fe**(aq)+2e; E° =0.439 V (2) 
The Gibbs energy is given by 
AG} = -nFE® = -2F (0.439) = -0.878 F 


For the reaction Fe**(aq) +e — Fe**(aq). The Gibbs 
energy is given by 


AG? =—nFE° =-1FE° (3) 


Equation (3) can be obtained by adding Eqs. (1) and 
(2), therefore 


AG’ = AG? + AG? 
—FE° =0.108F + (-0.878)F =-0.77F 
or E° =0.77 V 


In a fuel cell, methanol is used as fuel and oxygen gas is 
used as an oxidizer. The reaction is 


CH,OH(l) + $0,(g) > CO,(g) + 2H,O(1) 


At 298 K, standard Gibbs’ energies of formation for 
CH,OH (1), H,O (1) and CO, (g) are -166.2 kJ mol’, 
—2372 kJ mol” and -394.4 kJ mol", respectively. If stand- 
ard enthalpy of combustion of methanol is -726 kJ mol", 
efficiency of the fuel cell will be 


(A) 90% (B) 97% 
(C) 80% (D) 87% (AIEEE 2009) 
Solution 


(B) For the reaction, 
CH,OH(1) + 30, (g) > CO,(g)+2H,0(1), 
AG = AG°(CO,) + 2AG°(H,O) — AG°(CH,OH) 
= —394 — 2(237.2) + 166.2 = —702.6 kJ mol” 


Efficiency of fuel cell is md x 100 = a“ x 100 = 97% 
AH 26 


The Gibbs energy for the decomposition of Al,O, at 500°C 
is as follows: 


2A1,0, > 4A1+0,, A,G=+966 kImol! 


The potential difference needed for electrolytic reduction 
of ALO, at 500°C is at least 


(A) 5.0V (B) 4.5V 
(C) 3.0V (D) 2.5V (AIEEE 2010) 
Solution 


(D) From the relation AG = —nFE, we have 


966 x 10° 


ae = -2.5 V (for oxidation) 
4x 96,500 


E= — 
nF 


Therefore, potential difference needed for reduction = 
—E (oxidation) = 2.5 V 
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39. 


40. 


41. 


42. 


The reduction potential of hydrogen half-cell will be 
negative if: 


(A) p(H,) =1 atm and [H’] = 1.0M 
(B) p(H,) =2 atm and [H*] = 10M 
(C) p(H,) =2 atm and [H*] =2.0 M 
(D) p(H,) = 1 atm and [H’] = 2.0 M 


(AIEEE 2011) 


Solution 


(B) The reaction is: 2H*(aq) + 2e° > H,(g) 


E=E°- nsptog{ PU) | 


( 
[H"] 
= x x 0.3010 = Negative value 


2 


E is negative only when p(H,) > [H’] 
The standard reduction potentials for Zn**/Zn, Ni°*/Ni, and 
Fe*/Fe are -0.76 V, -0.23 V and —0.44 V, respectively. The 
reaction X + Y°** > X**+Y will be spontaneous when 
(AIEEE 2012) 
(B) X=Ni,Y=Zn 
(D) X=Zn,Y =Ni 


(A) X=Ni,Y=Fe 
(C) X=Fe, Y= Zn 


Solution 


(D) Looking at the standard reduction potentials, it is clear 
that Zn is the strongest reducing agent and Ni is the 
weakest reducing agent. So, Zn will displace both Ni 
and Fe. Fe will displace only Ni and not Zn as Zn is 
a stronger reducing agent; while Ni will not displace 
either Zn or Fe as it is the weakest reducing agent 


Zn(s) + Fe** (aq) > Zn”* (aq) + Fe(s) 
Fe(s) + Ni** (aq) > Fe** (aq) + Ni(s) 
Zn(s) + Ni** (aq) > Zn** (aq) + Ni(s) 
Four successive members of the first row transition ele- 


ments are listed below with atomic numbers. Which one of 
them is expected to have the highest E° value? 


M** /M2* 
(A) Mn (Z = 25) 


(B) Fe (Z = 26) 
(C) Co (Z=27) (D) Cr (Z = 24) 


(JEE Main 2013) 
Solution 
(C) We know that 
Bea) SUT VE eg ITY 
Ee pe jco = LOTV and Ee... =-0.41V 
Given Fes. ic. = 0.74 V5 EN po05 1M =1.51V, oF jee 
= 1.33V; Ee =1.36V Based on the data given above, 


strongest oxidizing agent will be 
(A) Cr’** (B) Mn** 


(C) MnO, (D) Cl (JEE Main 2013) 


43. 


44. 


45. 
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Solution 


(C) As per the data given, MnO; is the strongest oxidizing 
agent as it has maximum standard reduction potential 
(SRP) value. 

The values of SRP are 


ES jeg = OTA: BP so gg =1S1V: 
Foaop qn = 138V3 Boyer =136V 


On the basis of given data correct order of oxidizing 
behavior is: MnO; >Cl>Cr,O7 > Cr* 


The equivalent conductance of NaCl at concentration C and 
at infinite dilution is A, and /,, respectively. The correct rela- 
tionship between A, and A, is given as (where the constant B 
is positive) 


(A) 4, =4, +(B)C (B) A, =4, -(B)C 


(F 4.=4,.-(e (D) A, = 4, +(B)VC 


(JEE Main 2014) 


Solution 


(C) According to Debye—Huckle—-Onsager equation, 
Ac = A,,- BNC. 


Given below are the half-cell reactions 
Mn**+2e >Mn; E°=-1.18 V 
2(Mn** +e > Mn”); E°=41.51V 
The E° for 3Mn™* + Mn + 2Mn* will be 
(A) -2.69 V; the reaction will not occur. 


(B) —2.69 V; the reaction will occur. 
(C) —0.33 V; the reaction will not occur. 


(D) -0.33 V; the reaction will occur. (JEE Main 2014) 
Solution 
(A) Given that 

Mn”* + 2e7 = Mn; E° =-1.18V 1) 


N 
wna 


[Mn** +e = Mn”*]x 2; £° = +1.51V ( 
[Mn** = Mn*+e]x 2; E° =-1.51V (3 


KH 


Adding Eq. (1) by Eq. (3), we get 
3Mn** = Mn + 2Mn** 


for which E° =-1.18 — 1.51 =-2.69 V 


Negative electrode potential implies that disproportion is not 
spontaneous for Mn with +2 oxidation state to 0 and +3 
oxidation states. 


Two faraday of electricity is passed through a solution of 
CuSO,. The mass of copper deposited at the cathode is: 
(At. mass of Cu = 63.5 amu) 
(A) 63.5 g 
(C) 127g 


(B) 2g 
(D) 0g 
(JEE Main 2015) 
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(A) According to Faraday’s law of electrolysis and according 
to the reaction, 
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Review Questions 


Cu** +2e > Cu 


2F will deposit 63.5 g of Cu. 


REVIEW QUESTIONS 


10. 


11. 


12. 


13. 


14. 


. If E° , had been chosen as the standard reference elec- 


trode and had been assigned a potential of 0.00 V, what 
would the reduction potential of the hydrogen electrode be 
relative to it? 


- What is a concentration cell? Why is the E?.. for such a 


cell equal to zero? 


. Why must electrolysis reactions occur at the electrodes in 


order for electrolytic conduction to continue? 


. Using the same current, which will require the greater 


length of time, depositing 0.10 mol Cu from a Cu”solution, 
or depositing 0.10 mol of Cr from a Cr** solution? Explain 
your reasoning. 


.- Molar conductance of an acetic acid solution increases 


drastically with dilution. Explain. 


. Electrolytic conductivity decreases with dilution. Explain. 


. An electric current is passed through two electrolysis cells 


connected in series (so the same amount of current passes 
through each of them). One cell contains Cu and the 
other contains Fe”. In which cell will the greater mass of 
metal be deposited? Explain your answer. 


. Explain the following: 


(a) The emf ofa lead storage battery is dependent on con- 
centration of sulphuric acid. 

(b) In primary alkaline cells, the electrolyte KOH is 
invariant. 


- How is hydrogen held as a reactant in a nickel—metal 


hydride battery? Write the chemical formula for a typical 
alloy used in this battery. What is the electrolyte? 


Give two reasons why lithium is such an attractive anode 
material for use in a battery. What are the problems associ- 
ated with using lithium for this purpose? 


What advantages do fuel cells offer over conventional 
means of obtaining electrical power by the combustion of 
fuels? 


Describe the electrolysis of aqueous sodium chloride. How 
do the products of the electrolysis compare for stirred and 
unstirred reactions? Write chemical equations for the reactions 
that occur at the electrodes. 


What will be the spontaneous reaction among Br,, I,, Br” 
and I’? 


Write the cell notation for the following galvanic cells. For 
half-reactions in which all the reactants are in solution or 
are gases, assume the use of inert platinum electrodes. 

(a) Cd?*(aq) + Fe(s) — Cd(s) + Fe*(aq) 


15. 


16. 


17. 


18. 


19. 


20. 


214 


22. 


23. 


(b) NiO,(s) + 4H*(aq) + 2Ag(s) > Ni**(aq) +2H,O 
+2Ag*(aq) 

(c) Mg(s) + Cd*(aq) > Mg”™*(aq) + Cd(s) 

From the half-reactions below, determine the cell reaction 

and standard cell potential. 


BrO, +6H*+6e =—Br +3H,O; E°&  =144V 


BrO;” 


I,+2e =—2T; EP. =0.54 V 


What will be the spontaneous reaction among H,SO,, 
§,07, HOCI and Cl,? The half-reactions involved are 


2H,SO, + 2H* + 4e7° = S,0,7 +3H,O; E2.so, = 0.40 V 


2HOCI+2H* +2e = Cl, +2H,O; Exoc = 1.63 V 
Explain why: 
(a) Nickel spatula cannot be used to stir copper sulphate 


solution. 
(b) Blue color of copper sulphate fades when electrolyzed 
using platinum electrode. 


Given that the standard electrode potentials: K’/K = 
-2.93 V, Ag*/Ag = 0.80 V, Cu*/Cu = 0.34 V, Mg™/Mg = 
~2.37 V, Cr*"/Cr = -0.74 V, Fe”/Fe = -0.44 V. Arrange these 
metals in the increasing order of their reducing power. 


What do the positive and negative signs of reduction 
potentials tell us? 


Why do electrochemical cells stop working after some- 
time? 

In a concentration cell, give reasons for the following: 

(a) The cell potential doubles when concentration ratio is 
changed from 0.0001 to 0.01. 

No electricity flows when the metal ion concentration 
at the two electrodes is the same. 


What is the effect of dilution on 

(a) specific conductivity. 

(b) equivalent conductance of weak electrolytes. 
(c) equivalent conductance of strong electrolytes. 


(b) 


Predict the products of electrolysis in each of the 

following: 

(a) An aqueous solution of AgNO, with silver electrodes. 

(b) Anaqueous solution of AgNO, with platinum electrodes. 

(c) A dilute solution of H,SO, with platinum electrodes. 

(d) An aqueous solution of CuCl, with platinum 
electrodes. 
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24. 


25. 


What happens to the pH of the solution near the cath- 
ode and anode during the electrolysis of K,SO,? What 
function does K,SO, serve in the electrolysis of a K,SO, 
solution? 


Why must NaCl be melted before it is electrolyzed to give 
Na and Cl,? Write the anode, cathode and overall cell reac- 
tions for the electrolysis of molten NaCl. 


26. 


27. 
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(a) Why does dry cell become dead after sometime even if 
it has not been used? 
(b) What is the role of ZnCl, in a dry cell? 


Why a mercury cell gives a constant voltage throughout its 
life? 


NUMERICAL PROBLEMS 


. Calculate AG° for the following reaction as written: 


2Br +1, > 21° + Br, 


. Calculate AG® for the reaction 


2MnO, + 6H* +5HCHO, > 2Mn** + 8H,O0 +5CO, 
for which E°,, = 1.69 V 


cell 


. The system 2AgI + Sn = Sn** + 2Ag +21 has a calculated 


E®., of -0.015 V. What is the value of K, for this system? 


cell 


. The E®,, is 0.135 V for the reaction 
3L(s) + 5Cr,O,7 (aq) + 34H* > 610, (aq) + 10Cr** (aq) + 
17H,0O. 
What is E.,,, if [Cr,O7-] = 0.010 M, [H*] = 0.10 M, [IO3] 
= 0.00010 M, and [Cr*'] = 0.0010 M? 

. A silver wire coated with AgCl is sensitive to the presence 


of chloride ion because of the half-cell reaction 


oO 
Esse 


AgCl(s)+e = Ag(s)+ Cl (aq) = 0.2223 V 

A student, wishing to measure the chloride ion concentra- 
tion in a number of water samples, constructed a galvanic 
cell using the AgCl electrode as one half-cell and a copper 
wire dipping into 1.00 M CuSO, solution as the other half- 
cell. In one analysis, the potential of the cell was measured 
to be 0.0895 V with the copper half-cell serving as the cath- 
ode. What was the chloride ion concentration in the water? 
(Take E? .. =+0.3419 V.) 


. At 25°C, a galvanic cell was set up having the following 


half-reactions: 


Fe**(aq)+2e = Fe(s);  E.. =-0.447 V 
Cu”*(aq)+2e =Cu(s); £2, = +0.3419 V 


The copper half-cell contained 100 mL of 1.00 M CuSO,. 
The iron half-cell contained 50.0 mL of 0.100 M FeSO,. 
To the iron half-cell was added 50.0 mL of 0.500 M NaOH 
solution. The mixture was stirred and the cell potential 
was measured to be 1.175 V. Calculate the value of K,, for 
Fe(OH),. 


. Suppose a galvanic cell was constructed at 25°C using a Cu/ 


Cu” half-cell (in which the molar concentration of Cu* was 
1.00 M) and a hydrogen electrode having a partial pressure 
of H, equal to 1 atm. The hydrogen electrode dipped into a 
solution of unknown hydrogen ion concentration, and the 
two half-cells were connected by a salt bridge. The precise 
value of E® ,, = +0.3419 V. 


Cu2+ 


10. 


11. 


12. 


13. 


15. 


(a) Derive an equation for the pH of the solution with the 
unknown hydrogen ion concentration, expressed in 
terms of E..,, and E®.,. 

(b) Ifthe pH of the solution were 5.15, what would be the 
observed potential of the cell? 

(c) Ifthe potential of the cell were 0.645 V, what would be 


the pH of the solution? 


. How many grams of Cl, are produced when molten NaCl 


undergoes electrolysis at a current of 4.25 A for 35.0 min? 


. How many hours would it take to produce 75.0 g of metal- 


lic chromium by the electrolytic reduction of Cr** with a 
current of 2.25 A? 


An unstirred solution of 2.00 M NaCl was electro- 
lyzed for a period of 25.0 min and then titrated with 
0.250 M HCL. The titration required 15.5 mL of the acid. 
What was the average current in amperes during the 
electrolysis? 


From the standard potentials shown in the following 
diagram, calculate potentials E? and E). 


yA 
Broy —O:54V, pig 0-45 ‘Br 1.07V Be 
| O17V ft le 


Calculate the quantity of electricity that would be 
required to reduce 12.3 g of nitrobenzene to aniline if the 
current efficiency for the process is 50%. If the poten- 
tial drop across the cell is 3 V, how much energy will be 
consumed? 


An acidic solution of CuSO, containing 0.4 g of Cu is 
electrolyzed until all the Cu is deposited. The electrolysis 
is continued for seven more minutes with the volume kept 
100 mL and current 1.2 A. Calculate the volume of gases 
evolved at STP during entire electrolysis. 


. Calculate AG° and AS° (at 298 K) for the fuel cell 


reaction. 


2H, +O, > 2H,O and 
E° 


cell 


= 1.23 V; and AH jy.) = —285.8 kJ mol™ 


The standard reduction potential of Cu’*/Cu is +0.34 V. 
Calculate the reduction potential at pH = 14 for the above 
couple in a saturated solution of cupric hydroxide. K,, 
(Cu(OH),) = 1 x 107? M’. 
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Additional Objective Questions 


16. 


17. 


Calculate the standard cell potentials of galvanic cells in 
which the following reactions take place: 


(a) 2Cr(s)+3Cd** (aq) — 2Cr** (aq) + 3Cd 

(b) Fe*(aq)+ Ag* (aq) > Fe**(aq)+ Ag(s) 

Calculate the AG® and equilibrium constant of the 
reactions. 


In the button cells widely used in watches and other devices 
the following reaction takes place: 


Zn(s)+ Ag,O(s)+H,O(1)— Zn**(aq) + 2Ag(s) + 20H (aq) 


Determine AG° and E° for the reaction. 


19. 


The conductivity of sodium chloride at 298 K has been 
determined at different concentrations and the results are 
as follows: 


Concentration (M) 


0.001 0.010 0.020 0.050 0.100 


107 x k (S m”') 


1.237) 11.85 23.115 55.53 106.74 


20. 


Calculate A,, for all concentrations and draw a plot between 
A,, and C’”. Find the value of A°. 
Three electrolytic cells A, B, C containing solutions of 


ZnSO,, AgNO, and CuSO,, respectively, are connected in 
series. A steady current of 1.5 A was passed through them 


18. For the cell reaction, Sn(s) + Pb** (aq) > Sn** (aq) + Pb(s) until 1.45 g of silver deposited at the cathode of cell B. How 
EB... ., = 0.136 V, E°.., , =—0.126 V. Calculate the ratio long did the current flow? What mass of copper and zinc 


of concentration of Pb* to Sn* ion at which the cell reaction 
will be reversed? 


were deposited? 


ADDITIONAL OBJECTIVE QUESTIONS 


Single Correct Choice Type (A) 5.2 x 10° (B) 6.26 x 10’ 
(C) 3.8 x 10’ (D) 4.3 x 10’ 
1. The rusting of iron takes place as follows. Calculate AG° 6. One coulomb of charge passes through solution of AgNO, 
for the net process. and CuSO, connected in series and the conc. of two solu- 
2H* +2e° +10, >H,O(); E° =41.23V tions being in the ratio 1:2. The ratio of weight of Ag and 
ie f . , : Cu deposited on Pt electrode is 
Fe™ +2e° > Fe(s);_ E* = 0.44 V (A) 1079:63.54 (B) 54:31.77 
(A) -322 kJ mor" (B) -161 kJ mot" (C) 1079:31.77 (D) 54:63.54 
(C) -152 kJ mol™ (D) -76 kJ mol 7. When a lead storage battery is discharged, 
A) SO, is evolved. 
2. Specific conductance of 0.01 M KCI solution is x S cm”. oo 


When conductivity cell is filled with 0.01 M KCl the con- 
ductance observed is y S. When the same cell is filled with 
0.01 M H,SO,, the observed conductance was z S cm". 
Hence specific conductance of 0.01 M H,SO, is: 


(B) lead sulphate is consumed. 
(C) lead is formed. 
(D) H,SO, is consumed. 


. Which of the following statements is true for the electro- 


chemical Daniell cell ? 


(A) xz (B) z/xy : 
(C) xzly (D) xy/z (A) cect flow from copper electrode to zinc 

3. When a sample of copper with zinc impurity is to be puri- (B) Current flows from zinc electrode to copper 
fied by electrolysis, the appropriate electrodes are: alectrade 


Anode 


Pure copper 


Cathode 
(A) Pure zinc 
(B) Impure sample 


Pure copper 


(C) Impure zinc Impure sample 


(C) Cations move towards copper electrode. 
(D) Cations move towards zinc electrode. 


. The density of Cu in 8.94 g cm™. The quantity of electricity 


needed to plate an area 10 cm x 10 cm to a thickness of 107 
using CuSO, solution would be 


(D) Pure copper Impure sample (A) 13586 C (B) 27172 C 
(C) 40758 C (D) 20348 C 
4. A t of 0.193 Ai d th h 100 mL of 0.2 M 
ee ne es ee 10. The specific conductance of a N/10 KCl solution at 18°C 


NaCl for an hour. Calculate pOH of solution after elec- 
trolysis if current efficiency is 90%. Assume no volume 


is 1.12 x 10° S cm". The resistance of the solution con- 
tained in the cell is found to be 65 Q. Calculate the cell 


ra constant 
A) 11. B) 12.82 : 
a inp 115 (A) 0.912 cm™ (B) 0.512 cm™ 
" [ ) 4 7; ‘ies mt — (C) 0.728 cm™! (D) 0.632 cm™ 
i. t tant t t . : ‘ 
A si ns rap as - oe 11. The standard EMF of the cell in which the reaction 


2Fe** +31 = 2Fe* +I*. The standard reduction poten- 
tials in acidic conditions are 0.77 V and 0.54 V, respectively, 
for Fe** | Fe** and I? |T- couples. 


MnO; + 5Fe** + 8H* > Mn* +5Fe** + 4H,O 
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12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


occurs is 0.59 V at 25°C. The equilibrium constant for the 
given reaction is approximately. 

(A) 50 (B) 10 

(C) 10” (D) 10° 


The specific conductance of a saturated AgCl solu- 
tion is found to be 1.86 x 10° S cm™ and that for water 
is 6.0 x 10° S cm”. The solubility of AgCl is (AQ, = 
1372 S equiv.‘ cm’) 


(A) 17x10? mol L7 
(C) 13x 10% mol L* 


(B) 13x 10° mol L? 
(D) 13x 10° mol L? 


In the electrolytic cell, flow of electrons is from 
(A) cathode to anode through internal supply. 
(B) cathode to anode through external supply. 
(C) anode to cathode through internal supply. 
(D) cathode to anode in solution. 


A dilute aqueous solution of Na,SO, is electrolyzed using 
platinum electrodes. The products at the cathode and 
anode are, respectively, 

(A) H,,0, (B) O,,H, 

(C) O,,Na (D) O,, SO, 


Faraday’s laws of electrolysis are related to the 
(A) atomic number of cation. 

(B) atomic number of anion. 

(C) equivalent weight of electrolyte. 

(D) speed of the cation. 


The useful work done during the reaction Ag(s) + Cl, (g) > 
AgCl(s) would be 


(A) 110 kJ mo! 
(C) 55kJ mol! 


(B) 220 kJ mol" 
(D) 100 kJ mol 
Given that: E° 


cl, /cr 


and T = 298K 


=1.36V,E° 


aecuayer, = 9:220V, Pa, = 1 atm 
The compound exhibiting maximum value of equivalent 
conductance in a fused state is 

(A) SrCl, (B) CaCl, 

(C) MgCl, (D) BeCl, 


EMF of the cell Ni|Ni**(0.1 M) || Au**(1.0 M)| Au will be 


(Given Ea, = 0.25 V, E.. =1.5V) 
(A) L75V (B) +1.7795 V 
(C) +0.7795 V (D) -1.7795 V 


An alloy of Pb—Ag weighing 1.08 g was dissolved in dilute 
HNO, and the volume made to 100 mL. A silver electrode 
was dipped in the solution and the emf of the cell set-up 
as Pt(s),H,(g)| H*(1M)|| Ag*(aq)|Ag(s) was 0.62 V. If E°,, 
is 0.80 V, what is the percentage of Ag in the alloy? 

(At 25°C, RT/F = 0.06) 
(A) 25 

(C) 10 


(B) 2.50 
(D) 50 


The EMF of the cell M\|M"*(0.02M)||H*(1 M)|H,(g) 
(1 atm), Pt at 25°C is 0.81 V. The valency of the metal if the 
standard oxidation potential of the metal is 0.76 V? 

(A) 5 (B) 2 

(C) 4 (D) 3 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 
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An electrochemical cell stops working after some time 

because 

(A) one of the electrodes is eaten away. 

(B) electode potentials of both the electrodes become 
equal in magnitude. 

(C) electrode potentials of both electrodes go on decreasing. 

(D) electode potentials of both the electrodes go on 
increasing. 


Conductivity (units Siemens, S) is directly proportional to 
the area of the vessel and the concentration of the solution 
in it and is inversely proportional to the length of the ves- 
sel, then the unit of constant of proportionality is 

(A) SmmoI' (B) Sm mol!" 

(C) S? m’ mol (D) S’m’ mol” 


If the standard half-cell reduction potentials are 0.522 V 
for Cu*/Cu and 0.3402 V for Cu*/Cu. The standard half-cell 
reduction potential for Cu*/Cu™ is 


(A) 0.20 V (B) 0.158 V 
(C) 0.40 V (D) 0.80 V 
A solution containing one mole per liter of each Cu(NO,),; 


AgNO,; Hg,(NO,),; Mg(NO,), is being electrolyzed using 
inert electrodes. The values of standard electrode poten- 
tials (reduction potentials in volts are Ag/Ag* = 0.80 V, 
He/Hg;* = 0.79 V, Cu/Cu* = -0.34 V, Mg/Mg”* = +2.37 V. 
With increasing voltage, the sequence of deposition of met- 
als on the cathode will be 
(A) Ag, Hg, Cu 

(C) Ag, Hg, Cu, Mg 


(B) Cu, Hg, Ag 
(D) Mg, Cu, Hg, Ag 


In passing 3 F of electricity through the three electrolytic 
cells connected in series containing Ag*,Ca** and Al” 
ions, respectively. The molar ratio in which the three metal 
ions are liberated at the electrodes is 


(A) 1:2:3 (B) 3:2:1 
(C) 6:3:2 (D) 3:4:2 
The standard potentials at 25°C for the following half-cell 


reactions are given as 


E?.,, = 0.762 V 


cell 


Zn” +2e > Zn; 
Mg**+2e >Mg; E®, =-2.37V 


When zinc dust is added to a solution of magnesium chloride, 
(A) no reaction will take place. 

(B) zinc chloride is formed. 

(C) zinc dissolve in solution. 

(D) magnesium is precipitated. 


Four alkali metals A, B, C and D have standard electrode 
potentials respectively as —3.05, —1.66, —0.40 and 0.80 V. 
Which one will be the most reducing? 


(A) A (B) B 
(C) C (D) D 
Zn(s) + Cl, (1 atm) > Zn* + 2Cl. The E° of the cell is 


2.12 V.To increase E, 

(A) Zn” concentration should he increased. 
(B) Zn” concentration should be decreased. 
(C) CY concentration should be increased. 
(D) partial pressure Cl, should be decreased. 
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30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


Cr,07" +T75 L F Cr’; ES =0.79 V, Ee ,oF Ice = 1.33 V, 
EP ea? 

(A) 0.54. V (B) -0.054 V 

(C) +0.18 V (D) -0.18 V 

Value of Exon, 1 am) at 298 K would be 

(A) -0.207 V (B) +0.207 V 

(C) -0.414V (D) +0.414V 


Efficiency of the following cell is 84% 
A(s)+ B** (aq) = A**(aq)+ B(s); AG° = -285 kJ 


then the standard electrode potential of the cell will be 
(A) 1.20 V (B) 2.40V 
(C) 110V (D) 1.24V 


The standard emf of the cell 

Cd(s)|CdCl, (0.1M)||AgCl(s)| Ag(s) 

in which the cell reaction is Cd(s) + 2 AgCl(s) > 2Ag(s) + 
Cd**(aq) + 2CI (aq) is 0.6915 V at 0°C and 0.6753 V at 25°C. 
(A) -176 kJ (B) -334.7 kJ 

(C) +123.5 kJ (D) -167 kJ 


Calculate the emf of the cell 


Pt, H, (1.0 atm)|CH,COOH (0.1 M)||NH, (aq, 0.01 M)|H, 
(1.0 atm), Pt 


Given that K, (CH,COOH) =1.8 x 10°, K, (NH,) = 18x 10° 
(A) -0.92 V (B) -0.46V 
(C) -0.35V (D) -0.20V 


An aqueous solution containing Na‘, Sn**, Cl and SO] 
ions, all at unit concentration, is electrolyzed between 
a silver anode and a platinum cathode. What changes 
occur at the electrodes when current passed through 


the cell? Given that Ee tiky = (0.799 V Be ic = 14 Vv, 
Ea, ic = 1.36 V, EO dene _ 0.13 V. 


(A) Si** is reduced and CTI is oxidized. 
(B) Ag is oxidized and Sn” is reduced. 
(C) Sa* is reduced and Sn” is oxidized. 
(D) H* is reduced and Sn” is oxidized. 


Dal lake has water 8.2 x 10” L, approximately. A power 
reactor produces electricity at the rate 1.5 x 10° Cs" at an 
appropriate voltage. How many years would it take to elec- 
trolyze the lake? 

(A) 2.4 million years (B) 5.3 million years 

(C) 1.8 million years (D) 4.6 million years 


In lead storage battery, during discharging process 
(A) PbO, gets oxidized. 

(B) H,SO, is produced. 

(C) density of H,SO, solution decreases. 

(D) density of H,SO, solution increases. 


The conductivity of a saturated solution of BaSO, is 3.06 x 
10° S cm" and its equivalent conductance is 1.53 S cm?’ 
equiv. '. The K,, for BaSO, will be 

(A) 4x10 (B) 2.5x10° 

(C) 25x10 (D) 4x 10° 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 
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Additional Objective Questions 


The EMF of the standard Weston cadmium cell Cd (12.5%) in 
Hg|3CdSO, - 8H,O(s)|std. sol. of CdSO,(1) Hg,SO,(s)|Hg 
is 1.0180 V at 25°C and the temperature coefficient of the 
cell EMF, & =-4.0x10° Vdeg™. Calculate AG, AH 
and AS for the reaction in the cell when n = 2. 

(A) AG =-196.5 kJ, AH = 198.8 kJ, AS = -772 J deg 

(B) AG = 196.5 kJ, AH = 198.8 kJ, AS = -772 J deg 

(C) AG =196.5 kJ, AH =-198.8 kJ, AS = -772 J deg 

(D) AG =-196.5 kJ, AH = 198.8 kJ, AS = 7.72 J deg 


If the molar conductance values of Ca** and CI at infinite 
dilution are, respectively, 118.88 x 10“ and 7733 x 10“ S m? 
mol", then that of CaCl, is (S mm’ mol"). 


(A) 118.88 x 10% (B) 154.66 x 10% 

(C) 273 x 107 (D) 196.21 x 10“ 

Best way to prevent rusting of iron is by 

(A) making iron cathode. (B) putting it in saline water. 
(C) both A and B. (D) none of these. 

A current of 9.65 A is drawn from a Daniell cell for exactly 


1 h. The loss in mass at anode and gain in mass at cathode, 
respectively, are 


(A) 11.43 g, 11.77 g (B) 11.77 g, 11.43 g 
(C) 22.86 g, 23.54 g (D) 23.54, 22.86 g 
Consider the standard reduction potentials (in volts) as 


shown below. Find E°. 


—0.936 —0.576 
so3- > SOZ- > 8,03 
E=? 

(A) 0.326 V (B) 0.425 V 

(C) 0.756 V (D) 0.512 V 

The correct order of equivalent conductance at infinite 
dilution of (I) LiCl, (II) NaCl and (I) KCI 

(A) I>II> 11 (B) IM>II>1 

(C) I>IlI>1 (D) I>UI>H 

How much will potential of a hydrogen electrode change 


when its solution initially at pH = 0 is neutralized to pH = 7? 
(A) It will increase by 0.0591 V. 

(B) It will decrease by 0.0591 V. 

(C) It will increase by 0.413 V. 

(D) It will decrease by 0.413 V. 


In an electrolysis of acidulated water, 4.48 L of hydrogen 
was produced by passing a current of 2.14 A. For how many 
hours was the current passed? 


(A) 4 (B) 3 
(C) 6 (D):5 
Construct the cell corresponding to the reaction: 


3Cr* (1 M) > 2Cr** (1 M) + Cr(s) and predict if the reaction 
is spontaneous. Also calculate the following AH and AS of 
the reaction at 25°C. 
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52. 
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54. 


Given Ee an 0.5 V, Ee ae 
reaction at 35°C = —270.50 kJ 
(A) AH =-51.05 kJ, AS = 700 kJ K* 
(B) AH =-31.05 kJ, AS =—700 kJ K™ 
(C) AH =-51.05 kJ, AS = 706 kJ K"! 
(D) AH =-53.05 kJ, AS = 706 kJ K* 


=-0.41 V and AG of the 


Electrolysis of a solution of HSOj; ions produces S,O;°. 
Assuming 75% current efficiency, what current should be 
employed to achieve a production rate of 1 mol S,O, per 
hour? 

(A) 43.3A 
(C) 35.2A 


(B) 715A 
(D) 58.3A 


By how much would the oxidizing power of the 
(MnO; |Mn’* ) couple change if the H* ions concentration 
is decreased 100 times at 25°C? 

(A) It will increase by 189 mV. 

(B) It will decrease by 189 mV. 

(C) It will increase by 19 mV. 

(D) It will decrease by 19 mV. 


How many grams of silver could be plated out on a serv- 
ing tray by electrolysis of a solution containing Ag(l) for a 
period of 8.0 h at a current of 8.46 A? What is the area of 
the tray if the thickness of the silver plating is 0.00254 cm? 
(Density of silver is 10.5 g cm™.) 

(A) 124.18 g, 1.02 x 10° em? 

(B) 124.18 g, 1.02 x 107 cm? 

(C) 272.18 g, 1.02 x 10%cm? 

(D) 272.18 g, 1.02 x 107 cm? 


For HC! solution at 25°C, the equivalent conductivity at 
infinite dilution is 425 S cm ‘equiv. '. The specific conduct- 
ance of a solution of HCI is 3.825 S cm”. If the apparent 
degree of dissociation is 90%, the normality of solution is 
(A) 0.9N (B) 10.00N 

(C) 11N (D) 12N 


The number of coulombs required to reduce 12.3 g of 
nitrobenzene to aniline is 

(A) 96,500 C (B) 5790 C 

(C) 95,700 C (D) 57900 C 


Molar conductances of BaCl,, H,SO, and HCl at infinite 
dilutions are x,, x, and x,, respectively, equivalent conduct- 
ance of BaSO, at infinite dilution will be 

(A) (%, +x, —%,)/2 (B) x,+x,—2x, 

(C) (x, -x,—x,)/2 (D) (x, +x, —2x,)/2 


Which among the following has maximum potential for the 
half-cell reaction: 2H* + 2e > H,? 

(A) 10M HCl (B) 10M NaOH 

(C) Pure water (D) A solution with pH = 4 


If the hydrogen electrodes in two solutions of pH = 3 and 
pH = 6 are connected by a salt bridge, the emf of the result- 


ing cell is 
(A) 0.177 V (B) 0.3V 
(C) 0.052 V (D) 0.104-V 


. In which of the following (E 
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Multiple Correct Choice Type 


1. Which of the following aqueous solution turn(s) alkaline 


after electrolysis? 
(A) NaCl 
(C) CH,COONa 


(B) CuCl, 
(D) K,SO, 


. For the cell TI|T1* (0.001 M) || Cu*(0.1 M)| Cu. Given that 


Ex, 18 0.83 V which can be increased 
(A) by increasing [Cu”]. (B) by increasing [TI']. 
(C) by decreasing [Cu]. (D) by decreasing [TI’]. 


. We observe blue color if 


(A) Cu electrode is placed in the AgNO, solution. 
(B) Cu electrode is placed in the ZnSO,. 

(C) Cu electrode is placed in the dil. HNO,. 

(D) Cu electrode is placed in the NiSO, 

cet ~ Egy) = 0 

(A) Zn|Zn* (0.01 M)||Ag* (0.1 M) | AgO(s) 

(B) Pt|H,(1 atm)|pH = 1||Zn**(0.01 M)|Zn 

(C) Pt|H,(1 atm)|pH = 1||Zn*(1 M)|Zn 

(D) Pt|H,(1 atm)|H*(0.01 M)||Zn**(0.01 M)|Zn 


. Process inside the cell is exothermic when 


dE dE 
cs) [PE]<o «) [%8]-0 
(C) AH >nFE (D) AH =nFE 


. Equal quantity of electricity is passed through three 


electrolytic cells containing aqueous solutions of FeSO,, 

Fe,(SO,), and Fe(NO,),. Regarding the electrolytic process 

which of the following is/are correct, assuming at cathode 

only iron is reduced. 

(A) The amount of iron deposited in the three cases is equal. 

(B) The amount of iron deposited in Fe,(SO,), and 
Fe(NO,), is equal. 

(C) Same gas is evolved at anode in all three electrolytic 
processes. 

(D) Amount of iron deposited in Fe,(SO,), is double to 
that of the iron deposited in case of Fe(NO,);. 


. Which of the following statements is (are) correct? 


(A) The reactivity of metals decreases in going down the 
electrochemical series. 

(B) A metal can displace any other metal placed above it 
in the electrochemical series from its salt solution. 

(C) The oxidizing power of the substances decrease from 
the top to the bottom in the electrochemical series. 

(D) A redox reaction is feasible when the substance hav- 
ing higher reduction potential gets reduced and the 
one having lower reduction potential gets oxidized. 


. Hydrogen gas will reduce 


(A) heated cupric oxide. 

(B) heated silver oxide. 

(C) heated zinc oxide. 

(D) heated aluminium oxide. 
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9. Which of the following statements is (are) not correct? 

(A) Metallic conduction is due to the movement of elec- 
trons whereas the electrolytic conduction is due to the 
movement of ions. 

(B) Both metallic and electrolytic conduct ions involve 
transfer of matter. 

(C) Electrolytic conduction decreases 
temperature. 

(D) Metallic conduction involves no chemical change. 


with rise in 


10. Select the correct statements if 9.65 A current is passed for 
1h through the cell Ag | Ag*(1 M)|| Cu**(1 M)|Cu 

(A) Ag will oxidize to Ag” and new [Ag’] = 1.36 M 

(B) Ag’ will reduce to Ag and new [Ag*] = 0.64 M 

(C) Cu’ will reduce to Cu and new [Cu*] = 0.82 M 


(D) Cu will oxidize to Cu” and new [Cu™] = 0.82 M 


11. The tarnishing of silver ornaments in atmosphere is due to 
the formation of 
(A) Ag,O 
(C) Ag,CO, 


(B) Ag,S 
(D) Ag,SO, 


12. Which of the following statements are correct? 

(A) Ionic mobility is directly proportional to the velocity 
of the ion. 

(B) Ionic mobility of an ion decreases if potential gradient 
increases. 

(C) Conductance of an electrolyte solution decreases if 
the interionic forces of attraction are high. 


(D) Conductance = F x Ionic mobility 


13. In the electrolysis of which of the following aqueous solu- 
tions, pH remains constant (assuming no change in volume) 
(A) K,SO, (B) AgNO, 


(B) CuCl, (D) NaCl 


The standard emf of the cell, Cd(s)|CdCl,(aq)||AgCl(s)| 
Ag(s) in which the cell reaction is 0.6195 V at 0°C and 
0.6753 V at 25°C. The value of AH of the reaction at 
25°C is 

(A) 16726 kJ mol" 
(C) 40 kJ mol! 


14. 


(B) -16726 kJ mo! 
(D) -40 kJ mo! 


15. Which are true for a standard hydrogen electrode? 

(A) The hydrogen ion concentration is 1 M. 

(B) Temperature is 25°C. 

(C) Pressure of hydrogen is 1 atm. 

(D) It contains a metallic conductor which does not adsorb 


hydrogen. 
16. In which of the following electrolytes, KCl cannot be used 
in salt bridge? 
(A) Solution of silver 
(B) Solution of mercurous ion 
(C) Solution of thallous salt 
(D) Solution of Zn” ions 


17. Which of the following are concentration cells? 


(A) Pt, H,(g)(p,) | HCl | H,(g)(p,),Pt 

(B) Cd(Hg)(a,)|Cd** (C)| (Hg)Cd (a,) 

(C) Zn(s)|Zn**(C,)|| Cu*(C,)|Cu 

(D) Ag| AgCl| Cl (aq) (C,) || Br-(aq) (C,)| AgBr | Ag 


18. 


19. 


20. 


ZA, 


Additional Objective Questions 


When a nickel spatula is used to stir an aqueous copper 

sulphate solution, 

(A) the solution is stirred well without any chemical 
change. 

(B) nickel spatula gets partly oxidized into Ni* ions. 

(C) Cu’ ions present in the solution get partly reduced 
into Cu. 

(D) copper gets deposited on the spatula. 


Select the wrong relations. 


(A) AS = (7) xnF 


OE dAS 
© (57), -(Gr) 
Saturated solution of KNO, is used to make salt bridge 
because 
(A) velocity of K* greater than that of NO;. 

(B) velocity of NO; is greater than that of K". 

(C) velocity of both K* and NO; are nearly the same. 

(D) K* has very low reduction potential and NO; has very 
low oxidation potential. 


(B) -AS = (=) xnF 


(D) (2) _ AH +nEF 
T), r 


In which of the following salt bridge is not needed? 
(A) Pb|PbSO,(s)|H,SO,(aq)|PbO,(s)|Pb 

(B) Cd|CdO(s)|KOH(aq)|NiO,(s)|Ni 

(C) Fe(s)|FeO(s)|KOH(aq)|Ni,O,(s)|Ni 

(D) Zn|ZnSO,|CuSO,(aq)|Cu 


Assertion-Reasoning Type 


Choose the correct option from the following: 


(A) Statement 1 and Statement 2 are True; Statement 2 is the 
correct explanation of the Statement 1. 

(B) Statement 1 and Statement 2 are True; Statement 2 is 
NOT a correct explanation of the Statement 1. 

(C) Statement 1 is True, Statement 2 is False. 

(D) Statement 1 is False, Statement 2 is True. 


. Statement 1: If an aqueous solution of NaCl is electrolyzed, 


the product obtained at the cathode is H, gas and not Na. 
Statement 2: Gases are liberated faster than the metals. 


. Statement 1: Specific conductance decreases with dilution 


ion, whereas equivalent conductance increases. 

Statement 2: On dilution, the number of ions per mil- 
liliter decreases, but the total number of ions increases 
considerably. 


. Statement 1: On increasing dilution, the specific conduct- 


ance keeps on increasing. 

Statement 2: On increasing dilution, degree of ionization 
of weak electrolyte increases and mobility of ions also 
increases. 


. Statement 1: For the Daniell cell, Zn|Zn™*||Cu*|Cu with 


E 4, = 1.1 V, the application of opposite potential greater 
than 1.1 V results into flow of electrons from cathode to 
anode. 

Statement 2: Zn is deposited at anode and Cu is dissolved 
at cathode. 
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5. Statement 1: Zinc displaces copper from copper sulphate 
solution. 
Statement 2: Lesser number of ions are available per g 
equivalent at higher concentration. 


6. Statement 1: Calomel electrode especially with saturated 
KCI solution is used as a reference electrode, that is, 
secondary standard electrode. 

Statement 2: The potential of calomel electrode depends 
upon the concentration of CI ions. 


7. Statement 1: Salt bridge maintains electrical neutrality in 
two half-cells. 
Statement 2: Salt bridge transfer ions from one solution to 
other. 


Comprehension Type 


Read the paragraphs and answer the questions that follow. 
Paragraph I 

Molar conductance of NaCl varies with concentration according 
to the equation A, = A° —bVC where A,, is molar specific con- 
ductance, AY is molar specific conductance at infinite dilution, 
and C is the molar concentration. The variation is shown in the 
following table: 


Molar concentration Molar conductance in 


of NaCl S cm’ mol" 
4x 10° 107 
9x 10° 97 

16x10" 87 


1. When a certain conductivity cell (C) was filled with 25 x 
10* (M) NaCl solution. The resistance of the cell was found 
to be 1000 ohms. At infinite dilution, conductance of Cl 
and SO} are 80 S cm’ mol” and 160 S cm* mol", respec- 
tively. What is the molar conductance of NaCl at infinite 
dilution? 

(A) 147 S cm’ mol" (B) 107 S cm? molt 
(C) 127S cm’ mol" (D) 157 S cm? molt 


2. What is the cell constant of the conductivity cell (C) ? 
(A) 0.385 cm (B) 3.85 cm" 
(C) 38.5 cm (D) 0.1925 cm"! 


3. Ifthe cell (C) is filled with 5 x 10° (N) Na,SO,, the observed 
resistance was 400 ohm. What is the molar conductance of 
Na,SO,? 

(A) 19.25 S cm’ mol" 
(C) 385 S cm’ mol" 


(B) 96.25 S cm’ mol 
(D) 192.5 S cm?’ mol! 


Paragraph II 
Pb is used at anode and PbO, at cathode in a lead storage 
battery, while concentrated H,SO, is used as electrolyte. The 
battery holds 3.5 L acid with it. During the discharge process, 
the density of acid falls from 1.294 to 1.139 g mL". Given that 
the sulphuric acid of density 1.294 g mL" is 39% by mass and 
that of density 1.139 g mL" is 20% by mass. 
4. Equivalent mass of sulphuric acid in lead storage battery is 
(A) 49 (B) 98 
(C) 24.5 (D) none of these. 
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5. Normalities of sulphuric acid before and after discharge are 
(A) 5.15, 2.32 (B) 2.32, 5.15 
(C) 5.15, 5.15 (D) 2.32, 2.32 


6. The number of ampere-hours for which the battery must 
have been used is 
(A) 26504 Ah (B) 2650.4 Ah 
(C) 265.04 Ah (D) 26.504 Ah 


7. The amount of charge which the battery must have been 


used is 
(A) 9.88 F (B) 8.98 F 
(C) 8.89 F (D) 788 F 
8. Which of the following takes place in discharge process at 
anode? 


(A) PbO, +4H* +SO7 +2e > PbSO, + 2H,O 
(B) PbSO, +2H,O > PbO, + 4H* +SO7 + 2e7 
(C) Pb+SO* — PbSO, +2e7 
(D) PbSO, +2e” > Pb+ SO" 


Paragraph Il 
At equilibrium, the driving force AG is equal to zero, just as in 
any other spontaneous process. Both AG and E,,,, are zero when 
the redox reaction is at equilibrium. The Nernst equation for the 
redox process of the cell is: 

ae “oS 1020 


where Q is the reaction quotient and the standard cell potential 
E” is derived from the standard Gibbs energy change as 


AG* 
B= 
nF 
At equilibrium, the Nernst equation is 


>» _ 0.059 
cell = log K. 
n 


9. On the basis of information available for the reaction 
$Al+O, >3AL0,; AG=-827kJ mol" of O, 


the minimum emf required to carry out an electrolysis of 
ALO, is (Given 1 F = 96500 C) 

(A) 2.14V (B) 4.28V 

(C) 6.42 V (D) 8.56 V 


10. The nature of graph of E?,, against log K, is a/an 
(A) straight line. (B) parabola. 
(C) hyperbola. (D) elliptical curve. 


11. The equilibrium constant K,. for the reaction Cu(s) + 
2Ag*(aq) = Cu**(aq)+2Ag(s) (E2, =0.46 V) will be 
(A) antilog 15.6 


(B) antilog 2.5 
(C) antilog 1.5 (D) antilog 12.2 


Integer Answer Type 


The answer is a non-negative integer. 


1. For the Mg—Ag cell, if concentration of Mg™ ions is changed 
from 0.1 M to 0.01 M and that of Ag” ions is changed from 0.5 M 
to 0.25 M, the number of times the difference between the 
emf of the cell and its standard emf will change is 
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Answers 


2. Calculate the volume of Cl, at NTP produced during elec- 2. Match the cell with its characteristics 
trolysis of MgCl, which produces 6.50 g Mg. (atomic weight 
of Mg = 24.3 u). Column | Column II 
3. When water is electrolyzed, hydrogen and oxygen gases (A) Concentration cell (p) Fe is oxidized by Ni,O, 
are produced. If 1.008 g of H, is liberated at cathode, the ‘ . 
mass of O, formed at the anode is : cee eon cel ie eeanode 
4. At equimolar concentration of Fe and Fe* what must (C) Mercury cell (t) Hg cathode 


[Ag’] be so that the voltage of the galvanic cell made from (D) Dry cell (s) E°=0 
Ag*/Ag and Fe*’/Fe™ electrodes equals zero? The reaction 
is Fe**+Ag* = Fe**+Ag. Determine the equilibrium 


3. For the galvanic cell Ag|Ag).,)(0.1M)||Cd/; (0.1M)Cd, 


constant at 25°C for the reaction. Given: Ene m= 7.99 V eq) 

and E?., me = 0.771V. EE ime = 0.80 V, Ee ica = 0.40 V. Match the quantities 
5. Cd amalgam is prepared by electrolysis of a solution of with their values. 

CdCl, using a mercury cathode. Find how long should a 

current of 5 A be passed in order to prepare 12% Cd-Hg Column | Column II 


amalgam on a cathode of 2.56 g mercury? (Atomic weight 
of Cd = 112.40 u). 


6. The equilibrium constant for the following reaction at 
298 K is expressed as x x 10”. (C) The cell potential (r) Non-spontaneous 


2Fe* +21 — 2Fe™ +1,, Eo, = 0.235 V. (D) Thestandardcell (s) 1/10 
potential 


(A) The cell reaction (p) -117V 
(B) Reaction quotient (q) —1.20V 


The value of y is (t) Eo, =E. E.. 


cathode ~ ‘“anode 


7. The standard oxidation potential of Ni/Ni* electrode is 
0.236 V. If this is combined with a hydrogen electrode in 4. Match the electrode with its composition. 
acid solution, at what pH of the solution will the meas- 


ured emf be zero at 25°C? (Assume [Ni*] = 1 M and Column | Column II 
Py, = latm) (A) Concentration Oo OH 
cell 
Matrix—Match Type (p) pie = 
1. Match the cell with its applications 
O OH 
Column | Column II (B) Electrode . (q) PtlHg,Cl,, KCI 
(A) Nickel-Cadmium cell (p) Used in auto vehicles reversible with 
(B) Lithium battery (q) Secondary cell BERD SEE AOreia NO 
inhyd Na(Hg) | NaCl | Na (H 
(C) H,-O, cell (r) Fuel cell yey Catnhydrone pe Dale) |aCh ate) 
electrode 
(D) Lead storage battery (s) Used in Apollo (D) Redox electrode (s) Ag/AgCl, Cl 
spacecraft 


ANSWERS 


Review Questions 
1. If E° for copper is taken to be 0 V, then E° for hydrogen must be 0.34 V. 
4. 0.10 mol of Cr from a Cr** solution 
7. Copper will deposit a greater mass of metal 
9. The hydrogen is held in a metal alloy, Mg,Ni. The electrolyte is KOH 
13. Br,(aq) + 21 (aq) > L(s) + 2Br (aq) 
14. (a) Fe(s)|Fe*(aq)||Cd”*(aq)|Cd(s); (b) Ag(s)|Ag"(aq)||Ni (aq), H"(aq)|NiO,(s)|Pt(s); (c) Mg(s)|Mg™(aq)||Cd**(aq)|Cd(s) 
15. BrO, (aq) + 6I (aq) + 6H*(aq) > 3L(s) + Br (aq) + 3H,O; E®,, = 0.90 V. 
16. 4HOCI(aq) + 2H*(aq) + $,O3 (aq) > 2CL(g) + H,O+ 2H,SO,(aq) 
17. (a) Nickel will reduce copper. (b) Blue color of the solution fades due to reduction of Cu” ions to Cu. 
18. Ag*/Ag < Cu*/Cu < Fe” /Fe < Cr**/Cr<Mg”* /Mg < K*/K 
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21. (a) As E° = 
E,., = 9. So, there is no electricity in the cell. 


(a) Decreases; (b) increases; (c) does not vary much 


cell 


22. 


24. 
solution. 


25. 


Numerical Problems 


In solid NaCl, the ions are held in place and cannot move about. 


Telegra 


mM ¢ 
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0 for concentration cell and C,/C, = 0.001, so E,/E, = 2. (b) As E° = 0 for concentration cell and C, = C,, therefore, 


Overall change in pH is 0. K,SO, serves as charge carriers to balance the charge that occurs upon electrolysis of the K,SO, 


1. 1.0 x 10° kJ 2. -1.63 x 10° kJ 3. 0.31 

4. 0.155 V 5. 0.310 M 6. 1.96x 10" 
7. (a) ea —Fet) = — log{H"]= pH (b) 0.647 V;(c) 5.12 8. 3.28 9. 51.5h 

10. 0.250 A 11. E? =0.52 V and EF; =0.61 V 12. —1158900 C, 28.9 kJ 
13. 158.14 mL (H, + O,) 14. AG® =-474.78 kJ, AS° = +634.16 JK™ 15. -0.22V 
16. (a) 3.192 x 10*; (b) 3.22 20. 863 s, 0.426 g Cu, 0.438 g Zn 
Additional Objective Questions 
Single Correct Choice Type 

4. (A) 2 () 3. (D) 4. (B) . (B) 

6. (C) 7. (D) 8. (C) 9. (B) 10. (A) 
11, 12. (B) 13. (B) 14. (A) 15. (C) 
16. (A) 17. (A) 18. (B) 19. (C) 20. (B) 
21. (B) 22. (B) 23. (B) 24. (A) 25. (C) 
26. (A) 27. (A) 28. (B) 29. (A) 30. (C) 
31. (D) 32. (D) 33. (B) 34. (C) 35. (C) 
36. (C) 37. (D) 38. (A) 39. (B) 40. (A) 
41. (B) 42. (C) 43. (B) 44. (D) 45. (D) 
46. (D) 47. (B) 48. (B) 49. (C) 50. (B) 
51. (D) 52. (B) 53. (A) 54. (B) 
Multiple Correct Choice Type 

1. (A,B,C,D) 2. (A,D) 3. (A,C) 4. (A,B,C,D) . (A,B,C,D) 
6. (B,C) 7. (A,D) 8. (A,B) 9. (A,B) 10. (A,C) 
11. (A,B) 12. (A, B,D) 13. (A,B) 14. (B,D) 15. (A,B,C) 
16. (A,D) 17. (A,B,D) 18. (B,C,D) 19. (A,D) 20. (A,C,D) 
21. (A,B,C) 
Assertion—Reasoning Type 

AC) 2. (A) 3. (D) 4. (B) . (A) 

6. (B) 7. (C) 
Comprehension Type 

4, (C) 2. (D) 3. (D) 4. (B) . (A) 

6. (C) 7. (A) 8. (B) 9. (A) 10. (A) 
11. (A) 
Integer Answer Type 

1; 2) 2. (6) 3. (8) 4. (3) . (2) 

6. (7) 7. (4) 
Matrix—Match Type 

1. A (q);B > (q);C > (1,8); D > (p,q) 2. A (s);B > (p);C > (q,r); D > (q) 

3. A> (q,r);B > (s);C > (p, t); D > (q) 4. A= (r);B > (q);C > (p);D > (s) 
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Chemical reactions take place at different speeds. Some, such as 
the rusting of iron or the breakdown of plastics in the environment, 
take place very slowly. Others, like the combustion of petrol or the 
explosion of gunpowder, occur very quickly. Some reactions take 
place instantaneously, like a freshly exposed surface of metallic 
sodium tarnishes almost instantly when exposed to air and mois- 
ture. There are other reactions that proceed at moderate rate, like 
burning of a log of wood or hydrolysis of starch. Thermodynamics 
predicts if the chemical reaction will take place and the formation 
of product is spontaneous or not depending upon its thermo- 
dynamical stability. It does not, however predict in how much time 
the reaction would be complete. Chemical kinetics is the study of 
the speeds (or rates) of chemical reactions. On a practical level, it is 
concerned with factors that affect the speeds of reactions and how 
reaction speeds can be controlled. 

To understand the path of the reactions, reactions should be 
moderately slow so that their intermediates can be isolated and 
characterized, and the mechanism of the reaction can be elucidated. 
Hence, chemical kinetics deals with the study of the rate of chemical 
reactions and with the elucidation of the mechanisms by which they 
proceed. 

Consider the following reaction. Thermodynamics predicts that 
the reaction should form SO,, not SO,, because SO, is more stable 
than SO,. 


CS, (g) +30, (g) > CO,(g)+2SO,(g) 


Under normal conditions, however, this reaction invariably stops 
at SO, because the reaction between SO, and O, to form SO, 
is extremely slow. Hence, to fully understand chemical reac- 
tions, we need to combine the predictions of thermodynamics 
with studies of the factors that influence the rates of chemical 
reactions. 


Fraction of collisions 
with a given kinetic energy 
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The sizes of the shaded 
areas under the curves 
are proportional to the 
total fractions of the 
collisions that involve 
the minimum activation 
T,+10°C energy or more. 


Kinetic energy 


Minimum kinetic energy 
needed for reaction to occur. 


Kinetic energy distributions 
for a reaction mixture at two 
different temperatures 
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12.1 | RATE OF A CHEMICAL REACTION 


One of the first kinetic experiments was done in 1850 by Ludwig Wilhemy, a lecturer in physics at the University of 
Heidelberg. Wilhemy studied the rate at which sucrose, or cane sugar, reacts with acid to form a mixture of fructose 
and glucose known as invert sugar. 


Sucrose (aq) + H,O* (aq) > Glucose (aq) + Fructose (aq) 


Invert sugar 


Wilhemy found that the rate at which sucrose is consumed in this reaction is directly proportional to the concentration 
of the sucrose in the solution when the pH and temperature of the solution are held constant. The rate of the reaction 
at any moment in time can, therefore, be described by the following equation, in which k is the proportionality con- 
stant and [sucrose] is the concentration of sucrose in units of moles per liter at that moment. 


Rate = k[Sucrose] 


Since the sucrose concentration decreases as sucrose is consumed in the reac- 
tion, the rate of the reaction gradually decreases with time. 

The rate or velocity of a chemical reaction can be defined as the rate of 
appearance of one or more of its products, or as the rate of disappearance of 
one or more of its reactants in unit time. When chemical reactions occur, the 
concentrations of reactants decrease as they are used up, while the concentra- 
tions of the products increase as they form (Fig. 12.1). 

Reaction’s rate can be found by measuring the change in concentration 
per unit of time of one substance. The rate is the rate of the reaction with 
respect to that substance. 


Products 


Concentration (mol L-') 


Reactants 


fina) ~COnC. of X at time f,,....1) 


(Conc. of X at time ¢ 


Rate with respect to X= Time (s) 
(tinal ~ tinitiat ) 
A(Conce. of X) Figure 12.1 Variation of 
~ ie concentration with time. 


Molarity (mol L”) is normally the concentration unit, and the second (s) is the most often used unit of time. Therefore, 
the units for reaction rates are most frequently the following mol L" s”. For instance, if the concentration of one prod- 
uct of a reaction increases by 0.50 mol L™ each second, the rate of its formation is 0.50 mol L™ s™. Similarly, if the con- 
centration of a reactant decreases by 0.20 mol L™'s"', its rate of reaction is 0.20 mol L s"'. By convention, reaction rate 
is reported as a positive value whether something increases or decreases in concentration. In case of gaseous reactions, 
the concentration is expressed in terms of partial pressure of gases and hence the rate is expressed in units of atms”. 


Average and Instantaneous Rates 
Consider a reaction where one mole of reactant A is converted into product B. 
A>B 


Let [A], and [A], be the concentration of the reactant at times ¢, and ¢, and [B], and [B], be the concentration of the 
product at t, and 4, respectively. We use square brackets to signify concentrations specifically in moles per liter; [A] 
thus means the molar concentration of A. Then change in concentration of reactants and products between the time 
interval At (=t, — ¢,) is 

AA =[A],- [A], 

AB = [B], - [B], 
The rate of reaction can be measured as rate of disappearance reactant A or rate of formation of component B. It can 


be expressed mathematically as 


Decrease in concentration of A AA 
Rate = = 


ey. (12.1) 
Time interval At 
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Increase in concentration of B AB 
or Rate— = 


ae (12.2) 
Time interval At 


Since the concentration of A decreases, the change in its concentration is negative. It is multiplied by —1 to obtain the 
rate of reaction which is always a positive quantity. The rate obtained from Eqs. (12.1) and (12.2) is called the average 
rate of reaction and is represented as r,,,. It depends on the time interval between which it is measured and the con- 
centration of reactants and products. 
A reaction rate is generally not constant throughout the reaction but commonly changes as the reactants are used up. 
This is because the rate usually depends on the concentrations of the reactants, and these change as the reaction proceeds. 
The rate at which a reactant is being consumed at any particular moment is called the instantaneous rate. 
Mathematically, the instantaneous rate can be determined by measuring the average rate in the smallest time interval 
dt (i.e., as At approaches zero). Thus for the reaction A — B, the instantaneous rate can be expressed using average 
rate as 
—-AA_ AB 
ye = 
At At 
As At > 0, Pye > Tinst OF 


>" avg inst 
_-dA_ dB 


ae Saas 123 
Van cae (12.3) 


Graphically, the two rates may be represented as shown in Fig. 12.2. 


Note: When we use the term “reaction rate” we mean instantaneous rate, unless stated otherwise. 


For reactions in which the stoichiometric coefficients of the reactants and products are the same, as in decomposition 
of thionyl chloride (SO,CL), the rate of disappearance of any of the reactants is same as the rate of appearance of the 
products. 


SO,Cl,(g) > SO,(g)+ Cl, (g) 
The rate of reaction may be given as 


Rate of reaction = A[SO,Cl,] _ A[SO,] _ AICI] 
At At At 


= 
Oo 


_TATA] _ HIAle-TAIs} 


oe B]obeessececes é 
‘ava “At (bt) si 


ae me _26igp6 Eo ~— _ AB) _ (Bl1Bh; 


f a eee 
‘waar (it) 


Concentration of reactants 
> 
ine) 
Concentration of products 


{t b& ¢t Time of reaction t b t Time of reaction 


(a) (b) 


Figure 12.2 Representation of (a) instantaneous and (b) average rates. 
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For reactions in which the stoichiometric coefficients of the reactants and products are not the same, the magnitudes of 
the rates relative to each other are in the same relationship as the coefficients in the balanced equation. For example, 
in the combustion of propane, 


C3H,(g) + 50,(g) > 3CO,(g) + 4H,O0(g) 


five moles of O, must be consumed per unit of time for each mole of C,H, used in the same time. Therefore, in this 
reaction oxygen must react five times faster than propane in units of mol L™ s™. Similarly, CO, forms three times faster 
than C,H, reacts and H,O forms four times faster. 

For expressing rate of such reactions, the rate of appearance of any reactant or rate of formation of any product 
is divided by their respective stoichiometric coefficients. If we know the value of a reaction rate with respect to one 
substance, the coefficients of the reaction’s balanced equation can be used to find the rates with respect to the other 
substances. Consider the general reaction, 


aA+bB—> mM+nN 


The instantaneous rate of reaction may be defined as 


~( Sia)) - =( SI) 1 (a) -.2( SM) (12.4) 
a\ dt b\ dt m\ dt n\ dt 

where [A], [B], [M], [N] indicate the concentrations of A, B, M and N, respectively. The negative sign indicates that 
concentration of reactants falls as proceeds. Thus if we know the rate of formation of any one product, say M, the rest 


of the rates with respect to A, B and N can be determined. 
For example, for the decomposition of hydrogen iodide 2HI(g) > H,(g)+1,(g), the rate is given by 


Rate of reaction = 1 ATHY] _ ATH,] _ Al] 
2 At At At 


Because the rates of reaction of reactants and products are all related, it does not matter which species we pick to follow 
concentration changes over time. In the above reaction, it is easiest to monitor the I, concentration because it is the only 
colored substance in the reaction. As the reaction proceeds, purple iodine vapor forms; there are instruments that allow 
us to relate the intensity of the color to the iodine concentration. Then, once we know the rate of formation of iodine, 
we also know the rate of formation of hydrogen. It is the same because the coefficients of H, and I, are the same. And 
the rate of disappearance of HI, which has a coefficient of 2 in the equation, is twice as fast as the rate of formation of I.. 


Solved Example 12-1 


Use the data in the table to calculate the rate at which Solution 
phenolphthalein reacts with the OH ion during each of 


thevfollowine- periads, The rate of reaction is equal to the change in the phe- 


nolphthalein concentration divided by the length of time 
(a) During the first time interval, when the phenolphtha- over which the change occurs. 


lein concentration falls from 0.00500 M to 0.00450 M. fa). Duay-ahe Hast Gime period. the eate OP Ake 


(b) During the second interval, when the concentration reaction is 
falls from 0.00450 M to 0.00400 M. 

(c) During the third interval, when the concentration Rates A(X) = (0.00450 M) — (0.00500 M) 
falls from 0.00400 M to 0.00350 M. At (10.5 s—0 s) 


SS = 5 Sit 
Concentration of phenophthalein (M) Time (s) See mens 


0.00500 0.0 

0.00450 10.5 (b) During the second time period, the rate of reaction is 
0.00400 223 slightly slower. 

0.00350 35.7 me A(X) _ (0.00400 M) — (0.00450 M) 
0.00300 sit At (22.3 s—10.5 s) 

0.00250 69.3 =A9v10 mollis 

0.00200 91.6 
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(c) During the third time period, the rate of reaction is 
even slower. 


12.1 | Rate of a Chemical Reaction 


A(X) _ (0.00350 M) — (0.00400 M) 
At (35.7 s—22.3 s) 
=3.7x10° mol L's” 


Rate = 


Solved Example 


The following data were collected at a certain tempera- 
ture for the decomposition of sulphuryl chloride, SO,CL, 
a chemical used in a variety of organic syntheses. 


SO,Cl,(g) > SO,(g)+ CL, (g) 


Time (min) [SO,Cl,] (mol i) 

0 0.1000 
100 0.0876 
200 0.0768 
300 0.0673 
400 0.0590 
500 0.0517 
600 0.0453 
700 0.0397 
800 0.0348 
900 0.0305 
1000 0.0267 
1100 0.0234 


Make a graph of concentration vs. time and determine the 
rate of formation of SO, at t= 200 min and t= 600 min. 


Solved Example 


Solution 


Since they are in a 1-to-1 mol ratio, the rate of formation 
of SO, is equal and opposite to the rate of consumption of 
SO,CL,. This is equal to the slope of the curve at any point 
on the graph (see Fig. 12.3). At 200 min, we obtain a value 
of about 1 x 10* Ms”. At 600 min, this has decreased to 
about 7 x 10° Ms”. 


0.108: 
E Tangent to the curve at 
0.08 E t= 200 min 
a 
ie} E Tangent to the 
= 0.06 E- ° curve at 
3 E Ax, t= 600 min 
aan: 
E AX» : e 
0.02 Feelisinlisssliviulvsvelssisbiorelicorbioielnoalfion 
0200 400 600 800 1000 1200 
Time (min) 
Figure 12.3 


Explain how initial instantaneous rate of reaction can be 
obtained from experimental concentration versus time 
data. 


Solved Example 


Solution 


A tangent line to the curve of concentration as a function 
of time at time zero is drawn. The slope of this line is deter- 
mined, which is the initial instantaneous rate of reaction. 


According to the reaction 
Cr,07 + SH* +3HNO, > 2Cr** +3NO; +4H,O 


The rate of disappearance of Cr,O7 is found to be 
2.4 x 10% mol L™ s”. Find the rate of appearance of Cr* 
during the given time interval. 


Solution 


The rate of disappearance Cr,O; is related to the rate of 
appearance of Cr** by the expression 


d[Cr,O7] 1 d[Cr**] 
dt Pe 
3+ 
or + IC) 929.4104 = 48x10 mol I 34 
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Solved Example 12-5) 


The iodate ion reacts with sulphite ions in the reaction 
10; +3SO7 > I +3SO77 


At what rate are the iodide and sulphate ions being 
produced if the sulphite ion is disappearing at a rate of 
2.4%10* mol L* s"? 


Solution 


Rate of production of I = 8.0 x 10° mol L™ s 
Rate of production of SO; = 2.4 x 107% mol L™ s™. 


Solved Example 12-6 | 


Hydrogen sulphide burns in oxygen to form sulphur diox- 
ide and water. If sulphur dioxide is being formed at the 
rate of 0.30 mol L" s™, what are the rates of disappear- 
ance of hydrogen sulphide and oxygen? 


Solution 


From the coefficients in the balanced equation we see 
that, for every two moles of SO, that is produced, two 


moles of H,S are consumed, three moles of O, are con- 
sumed, and two moles of H,O are produced. 


Rate of disappearance of O, = (2 my (2 met) 
mo. 2 S 


= 0.45 mol L’ s7 


Rate of disappearance of H,S = 
2 mol SO, Ls 


2 mol H,S (4 mat) 


= 0.30 mol L" s7 


12.2 | FACTORS INFLUENCING RATE OF A REACTION 


The rate of reaction depends on the reaction conditions such as the temperature, concentration (pressure in case of 
gases) and presence of a catalyst. 


1. Nature of the reactants: A chemical reaction involves collision of molecules resulting in the rearrangement of 
atoms between the reacting molecules to form products. Old bonds in the reactants are broken and new bonds 
are formed. Thus, the nature and the strength of the bonds in reactant molecules greatly influence the rate of its 
transformation into products. For example, oxidation of ferrous ion by permanganate ion in acidic medium takes 
place at room temperature, whereas oxidation of oxalic acid by permanganate ion in acidic medium takes place at 
a slightly elevated temperature. Though both reactions are of similar type, as oxalic acid requires more bonds to 
be broken, hence elevated temperature (heat energy) is required for the reaction to proceed. 

2. Concentration of reactants: At a fixed temperature and in the absence of a catalyst, the rate of a given reaction 
increases with increase in concentration of reactants. When the concentration of the reactant is increased, the num- 
ber of molecules per unit volume increases, thereby increasing the collision frequency, which ultimately causes the 
increase in reaction rate. The rate of a chemical reaction is the rate at which the concentrations of interacting sub- 
stances vary with time. The minus sign denotes that the concentration decreases. The dependence of this rate on the 
concentration of reacting substances is given by the law of mass of action. In general, if dx represents an infinitesi- 
mally small change in concentration of any species during the reaction time dt, then rate may be expressed as 


Rate = oe 
dt 


The value of dx/dt may be obtained experimentally by plotting concentration of reactant (or product) against 
time. The mathematical expression that relates the rate of reaction to the concentration of either reactants or 
products is known as the rate law. 

3. Temperature: Most of chemical reactions are accelerated by increase in temperature. For example, oxidation of 
iron or coal is very slow at ordinary temperatures, but proceeds more rapidly at higher temperatures. In most 
cases, the rate of a reaction in a homogenous reaction mixture is approximately doubled or even tripled by an 
increase in temperature of only 10°C. In some cases, this increase in reaction rate is even higher. 


https://telegram.me/unacademyplusdiscounts 


1: 
| 


Telegram @unacademyplusdiscounts 


12.3 | Differential Rate Expression and Rate Constant 


4. Surface area of the reactants: Finely divided reactants, because of their larger surface area, react more rapidly than 
larger specimens of the same substance. For example, chips of wood burn faster than a log of wood. 


5. Catalysts: Many reactions can be accelerated by the presence of small amount of substances, which themselves 
remain unaltered chemically during the course of reaction. Such substances are called catalysts. The action of the 
catalyst is specific for a reaction. 


6. Radiations: A number of reactions register an increase in their rates, when radiations of specific wavelength are 
absorbed by the reacting molecules. Such reactions are called photochemical reactions. For example, a mixture of 
hydrogen and chlorine gases kept in the dark reacts, if at all, very slowly. An explosive reaction takes place when 
this mixture is subjected to a pulse of ultraviolet (UV) light. 


H,(g)+Cl,(g) > 2HCl(g) 


12.3 | DIFFERENTIAL RATE EXPRESSION AND RATE CONSTANT 


We have seen that the rate of reaction decreases with the passage of time as the concentration of reactants decreases. 
For a general reaction, 


aA + bB = Products 


The rate of the reaction is expressed as 


Rate « [A]'[B)’ (ass) 

Rate = k[A} [B]’ (12.6) 
Ay eee 

paras kK{A]'[B] (12.7) 


where exponents x and y may or may not be equal to the stoichiometric coefficients (a and b of the reactants). 
Equation (12.7) is known as differential rate equation and k is a constant of proportionality, known as the rate con- 
stant. Equation (12.5), relates rate of reaction to concentration. The expression which relates the rate of reaction to 
the concentration of the reactants is called rate law or rate expression. It gives the rate of reaction in terms of molar 
concentration of reactants with each term raised to a power, which may or may not be same as the stoichiometric coef- 
ficient of the reacting species in a balanced chemical equation. 


Note: The rate describes how quickly the reactants are used up and products produced with respect to time. The rate 
constant is proportionality constant used in the rate law. The rate of most reactions decreases with respect to time 
and concentration of reactants. However, the rate constant remains constant with respect to time and concentration. 


Sometimes the rate law is consistent with what we expect from the stoichiometry of the reaction. The balanced equa- 
tion for the following reaction, for example, involves two molecules of HI, and the rate law for the reaction depends 
on the square of the concentration of HI. 


2HI(g) > H,(g)+1,(g); Rate = k[HI]’ 


For some reactions, however, the rate law for a reaction cannot be predicted from the stoichiometry of the reac- 
tion; it must be determined experimentally. This can be explained by the following reaction which was studied by Sir 
Christopher Ingold and co-workers in 1930: 


H H 
| | 
H— C — Br(aq) + OH (aq) > H— C — OH(aq) + Br (aq) 
| | 
H H 
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The rate of this reaction was found to be proportional to the concentrations of both reactants. 


Rate = A[CH,Br][OH | 


With a similar reaction using a slightly different starting material, similar products were obtained. 


CH, 


CH, 


CH; — C — Br(aq) + OH (aq) 
| 


CH, 


> CH,—C 
| 


CH, 


OH(aq) + Br (aq) 


But now the rate of reaction was proportional to the concentration of only one of the reactants. 


Rate = k[(CH, ),;CBr] 


Note: It is often that the rate law does not follow the stoichiometry. For example, decomposition of N,O,. 


Solved Example 27] 


Show that the rate law does not always follow the stoichi- 
ometry using an example. 


Solution 


Consider the decomposition of N,O;. The observed rate 
law for the decomposition of N,O, is proportional to the 
concentration of N,O., not to the square of the concentra- 
tion of N,O,, as we might expect from the stoichiometry 
of the reaction. 


2N,0,(g) > 4NO,(g)+0O,(g); Rate = k[N,Os] 


The decomposition of N,O, raises another interesting 
point. We can study the kinetics of this reaction by moni- 
toring the rate at which N,O, is consumed. Or we could 


study the rate at which NO, or O, is formed. We will get 
different values for the rate of reaction, however, depend- 
ing on which reagent we choose. According to the bal- 
anced equation for this reaction, we get 4 mol of NO, for 
every 2 mol of N,O,; consumed. NO, is therefore formed 
at a rate that is twice as fast as the rate at which NO, is 
consumed. 


d{NO,]__, dIN,O.] 
dt dt 
We get only 1 mol of O,, however, for every 2 mol of N,O, 
consumed in this reaction. Thus O, is formed at a rate that 
is only one-half the rate at which N,O, is consumed. 
d[O,]__ 1 d[N,O5] 
dt 2 dt 


Solved Example 12-8 | 


Calculate the rate constant for the reaction between phe- 
nolphthalein and the OH ion if the instantaneous rate of 
reaction is 2.5 x 10° mol L™s"' when the concentration of 
phenolphthalein is 0.00250 M. 


Solution 
We start with the rate law for the reaction, 


Rate = k[Phenophthalein] 


We then substitute the known rate of reaction and 
the known concentration of phenolphthalein into the 
equation. 


2.5x10° mol L" s' = k(0.00250 mol L") 


Solving for the rate constant gives the following result k = 
0.010 s”’. Because the rate of reaction is the change in the 
concentration of phenolphthalein divided by the time 
over which the change occurs, it is reported in units of 
moles per liter per second. Since the number of moles of 
phenolphthalein per liter is the molarity of the solution, 
the rate can also be reported in terms of the change in 
molarity per second: M s"'. 
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12.4 | Elementary and Complex Reactions 


Note: The units of the rate constant will depend on the form of the rate law. When substituted into the rate law, the 
rate constant must have units that yield a rate in units of mol L™ s". 


Solved Example | 12-9 | 


The oxidation of NO (released in small amounts in the _ of the reaction if [NO] = 0.0010 mol L" and [O,] = 0.034 
exhaust of automobiles) produces the brownish-red gas mol L"'? 
NO,, which is a component of urban air pollution. 


2NO+0, > 2NO, 


The rate law for the reaction is rate = k[NO]’[O,]. At 
25°C, k = 71 x 10° L? mol” s‘. What would be the rate 


Solution 


Rate of reaction = 71 x 10’ L’ mol” s™ x [0.0010 mol L"'’ 
x [0.034 mol L™] = 2.4 x 10’mol L's 


12.4 | ELEMENTARY AND COMPLEX REACTIONS 
A balanced chemical equation is not always a true representation of how a reaction proceeds. There are very few 
reactions that proceed in a single step and are known as elementary reactions. Elementary reactions can be two types: 


1. If only one type of reactant is present, that is, 


nA —> Product(s) 
then the reaction is always elementary. 
2. If more than one type of reactants are present, then usually coefficient of all reactants should be equal to one 
(unless otherwise mentioned), then such reactions are elementary. 


Most of the reactions involve more than one step, that is more than one elementary reaction, and are known as com- 
plex reactions. Complex reactions can be expressed as a sum of elementary reactions, though this sum may not be a 
result of addition of unique elementary reactions. For example, 


(a) E,=A---C 

E, =A+B---D 
or (b) E, =2A---C 
E, =B---D 


The sequence of reactions in a complex reaction is represented as the mechanism of reactions. The complex reactions 
can be of the following types. 


1. Consecutive reactions: These are reactions taking place in a series of steps, represented as 
A, ~A, 0A, 
The expression for the rate of disappearance of a reactant (or rate of appearance of a product) involves rate con- 
stants of more than a single elementary reaction. 
2. Reverse reactions: These occur in forward and backward steps and are represented as 
A=B 
The rate constants of two opposing chemical reactions are involved. 


3. Parallel reactions: In these reactions, some side reactions take place leading to the formation of some by products 
along with the main product. The rate of disappearance of any reactant is governed by the rate constants relating 
to several simultaneous reactions to form different respective products from a single set of reactants 


A7>B 
t 
C 


The rate laws and their derivation are discussed in a later section. 
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12.5 | MOLECULARITY OF A REACTION 


Molecularity is defined as the total number of reacting species (molecules, atoms or ions) taking part in an elementary 
reaction. In other words, molecularity represents the number of reactant molecules undergoing collisions to bring 
about the chemical reaction. Thus in the reaction, 


aA+ bB-= Products 


molecularity = a + b. The molecularity may be 1, 2, 3, etc., accordingly with the participation of one, two or three reac- 
tant molecules in the reaction. Depending upon this value, the reactions are classified as follows: 


1. Unimolecular reactions: These reactions have molecularity 1. For example, 
FO, ~F,+0, 


Note: Molecularity is defined only for elementary reactions, not for complex reaction. 


2. Bimolecular reactions: These reactions have molecularity 2. For example, 


2HI > H, +I, 


CH,COOC,H, +H,O > CH,COOH + C,H;OH 
3. Trimolecular or termolecular reactions: These reactions have molecularity 3. For example, 


2NO+Cl, > 2NOCI 
2NO+ 0, > 2NO, 


The probability that of three molecules can reacting simultaneously is very less and hence very few examples of 
reactions that are trimolecular are known. 


12.6 | ORDER OF A REACTION 


The order of the reaction is an experimentally determined quantity and is defined with respect to a reactant as the 
power (exponent) of the concentration of the reactant to which the rate of the reaction is directly proportional. The 
overall order of the reaction is the sum of the exponents of all the reactants in the rate expression. It may be zero, 
positive, negative or even a fraction, say 0.5. 

While considering a reaction, A > Products, suppose the rate of the reaction is (a) doubled when [A] is doubled, 
(b) tripled when [A] is tripled and (c) quartered when [A] is quartered; then the rate of the above reaction is propor- 
tional to first power of [A], that is 


Rate <[A] 
Suppose the rate of the above reaction is proportional to [A]’, then 


1. When [A] is doubled, the rate of the reaction would increase four times and 


2. When [A] is tripled, the rate would increase nine times. 


Therefore, rate « [A]’. Thus, the reaction rate is dependent on the power of the concentration terms involved in rate 
equation, which is called the order of the reaction. 

If a reaction involves two or more reactants, then the observed rate of the reaction would be dependent on the 
power of concentration terms of individual reactants, and the order would be the algebraic sum of individual power 
terms. For a reaction between A and B, it can be experimentally determined that the rate of the reaction relates to the 
concentrations of A and B as follows: 


Rate = k[A]"[B]’ (12.8) 


where rate is the reaction rate in mol L" s“; k is the rate constant; [A] and [B] are concentrations in mol L™ of reac- 


tants A and B, respectively; a is the order with respect to A and b is the order with respect to B. This is called the rate 
equation for the reaction. The followii#exanples Wlustrdt the! Orde oP the reaction: 
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1. 2N,O,; — 4NO, +O, has Rate = A[N,O;] and order = 1. 
2. H, +1, > 2H has Rate = A[H, ][I,] and order =1+1=2. 
3. 2NO+O, — 2NO, has Rate = K[NO]’[O, ] and order =2 + 1 =3. 


For a general reaction, aA +bB — cC+dD, the rate law equation is 


Rate = k[A} [BP (12.9) 


where x and y is the order with respect to reactants A and B, respectively. Once we have found values for k, x and y, 
the rate law allows us to calculate the rate of the reaction at any set of known values of concentrations. 


Consider, for example, the following reaction 


H,SeO, +6I- + 4H* > Se +21; +3H,O 


Its rate law is of the form 


Rate = k[H,SeO,]'[I ? [H™ | 


The exponents have been found experimentally as x = 1, y=3 and z =2 for the initial rate of this reaction (i.e., the rate 
when the reactants are first combined). At 0°C, k = 5.0 x 10° L* mol” s. (We have to specify the temperature because 
k varies with it.) Substituting the exponents and the value of k into the rate law equation gives the rate law for the 
reaction as 


Rate = (5.0x10° L’mol”s™)[H,SeO, ][I-}?[H*} (at 0°C) 


We can calculate the rate of the reaction at 0°C for any set of concentrations of H,SeO,, I and H” using this rate law. 
The overall order of a reaction may be zero or even a fraction, say 0.5. We can define that the order of the reaction 
with respect to a reactant is power (exponent) of the concentration of the reactant to which the rate of the reaction 
is directly proportional. The overall order of the reaction is the sum of the exponents of all the reactants in the rate 
expression. 

Based on the algebraic sum of the powers of the concentration of the reactants in the rate law, reactions may be 
classified as first order, second order, third order, etc. These are as follows: 


1. Zero order reaction: In this reaction, the value of the exponent is 0. This implies that the rate is independent of the 
concentration of reactants. For example, H, +Cl, —“>2HCI for which Rate = k. The rate of reaction is studied 
by noting the rate at which water rises in the vessel due to dissociation of HCl formed. This rate is equal to the rate 
of disappearance of H, and Cl,. Hence, the concentration of the gases phase will not change with time, although 


the quantities will change. 


2. First order reaction: In this reaction, the value of the exponent is 1. For example, 2N,O; — 4NO, +O, for which 
the rate expression is Rate = A[N,O.]. 


3. Second order reaction: In this reaction, the value of the exponent is 2. For example, H, +1, — 2HI for which the 
rate expression is Rate = k[H, |[I,]. 


4. Third order reaction: In this reaction, the value of the exponent is 3. For example, 2NO+0O, — 2NO, for which 
the rate expression is Rate = K[NOJ] [O,]. 


Units of Rate Constant 


From the rate law, we have 


dx : 
a k[Concentration of reactant]" 


where dx/dt = rate of reaction, k = proportionality constant, n =n" order of the reaction. Therefore, 
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S 
dt [Concentration]" 


(12.10) 


Substituting the different values of n, we can calculate units of k for zero-, first-, second- and third order reactions, as follows: 


1. Zero order reaction: Here n = 0, 


1 
k= (=) —— = mol L" time (12.11) 
dt / [Concentration] 
2. First order reaction: Here n= 1, 
Isles 
= (=) x — Senate : — = time (12.12) 
dt) [Concentration] time mol L 
3. Second order reaction: Here n = 2, 
=i 
k=(F)x eS ee olin’ (12.13) 
dt) [Concentration] time (molL) 
4. Third order reaction: Here n = 3, 
I 
k=(F)x ee ee ee re (12.14) 
dt / [Concentration] time  (molL-) 


Solved Example | 12-10] 


The rate law for the reaction 
2NO(g) + 2H,(g) > N,(g) + 2H,O(g) 


is rate = k[NOJ]’[H,]. If the rate of reaction is 786 x 10° 
mol L™ s' when the concentrations of NO and H, are 
both 2 x 10° mol L™ then 


(a) What is the value of the rate constant? 


(b) What are the units for the rate constant? (Hint: Note 
the units of the reaction rate.) 


Solution 


(a) Using the rate law: 


Rate = k[NO]’[H, ] 


Substitute in the concentration and the rate and solve 
for the rate constant: 


7.86 x10? mol L's = k(2x10°mol L") 
x (2x 10° mol L") 
or k=9.8x10" L? mol® st 


(b) The units can be derived from the equation: 


mol L's = k(mol L)*(mol L") 
mol L's! = k(mol*L~) 
_molL" s" 


a: ea a = L’mol’s?! 
mol? L 


Solved Example 12-11 | 


For the given reaction A+B -— Products, the following 
data were given 


Initial conc. of [A] (mol L") 0.1 @O2 1 

Initial conc. [B] (mol L") OM 0.1 0.2 

Initial rate (mol L's”) 0.05 ON OIO5) 
(IIT-JEE 2004) 


(a) Write the rate equation. 


(b) Calculate the rate constant. 


Solution 


(a) Let the order w.r.t reactants A and B be x and y, 
respectively. 


https://telegram.me/unacademyplusdiscounts 


Rate = A[A]*[B]’ 
Putting Rate = 0.05 mol L" s‘; and [A] = 0.1 mol L" 
and [B] = 0.1 mol L”, we get 


0.05 = k[0.1}" [0.17 (1) 


Again putting Rate = 0.1 mol L™ s™‘; and [A] = 0.2 
mol L" and [B] = 0.1 mol L”, we 


12.6 | Order of a Reaction 


0.1 = k[0.2}'[0.1)" (2) 


Dividing Eq. (1) by Eq. (2), we get 1=[2) > y=0. 


(b) The rate equation is Rate = k[A][B]’. Putting Rate = 
0.1 mol L™ s“ and [A] = 0.2 mol L™, we get 


0.1= k[0.2] > k=0.5 87 


Solved Example 12-12 


Ordinary sucrose (table sugar) reacts with water in an 

acidic solution to produce two simpler sugars, glucose and 

fructose, that have the same molecular formulas. 
C,,H,O0,+ H,O > C,H,,0,+ C,H,,0, 


Sucrose Glucose Fructose 


In a series of experiments, the following data were 
obtained 


Initial rate of formation of 
glucose (mol L's”) 


Initial sucrose 
concentrations (mol L”) 


0.10 6.17 x 10° 
0.20 1.23 x 107 
0.50 3.09 x 107 


(a) What is the order of the reaction with respect to 
sucrose? 


(b) What is the value of the rate constant, with its units? 


Solution 
(a) When the concentration of sucrose is doubled, the 
rate doubles. 


When the concentration of sucrose is raised five 
times, the rate goes up five times. 

The concentration and rate are directly pro- 
portional; therefore, the reaction is first order with 
respect to sucrose. 


(b) Now, Rate = k[Sucrose]. Substituting the given val- 
ues, we get 


(6.17x 10° mol L's!) = (0.10 mol L") 
or k=6.17x10%s" 


Therefore, the rate constant is 6.17 x 107¢s1. 


Solved Example 12-13 


From the rate laws for the reactions given below, deter- 
mine the order with respect to each species and the over- 
all order: 


(a) 2HCrO; +61 +14H* > 2Cr* +31, +8H,O 
Rate = k [HCrO, ][T )[H’/’ 


(b) H,O, +21 +2H* >1,+2H,O 
Rate = k [H,O,][T] 


Solution 


(a) The order of the reaction with respect to [HCrO,] is 
1; with respect to [I] is 2 and with respect to [H’] is 2. 
The overall order of the reaction is 1+2+2=5. 

(b) The order of the reaction with respect to [H,O,] is 1 


and with respect to [I] is 1. The overall order of the 
reaction is 1+1=2. 


Solved Example 12-14 | 


For a reaction: 2P + Q > S; following data were collected. 


P (mol L') Q(molL') Rate (mol L" min”') 
(a) 6x 10° i xi@ 0.0012 
(b) 6x 10° DSO 0.0024 
(c) 12x 10° il s< ior? 0.0024 


Calculate the overall order of the reaction. Also find out 
the reaction rate constant. 
Solution 


The rate expression is Rate = k[P]*[Q]’. 
Substituting values for (a) and (b) from the given table, 
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0.0012 (1x10?) 1 (1) 0.0012 (6x107 \) 1 (1) 
= z|] =s= >y=l1 — =| =x= >x=1 
0.0024 (2x10 22 0.0024 \(12x10 2° No 


Substituting values for (a) and (c), and evaluating (a)/(c), So,the overall order of the reaction is 1 + 1 =2. Substituting 
we get values of x and y in the expression for (a), we get 


0.0012 = kx (6x10) x (1x107) > k =2 min” 


Solved Example 12-15 | 


For the reaction, 2 NO + Cl, > 2 NOC1 at 300 K. follow- Dividing Eq. (2) by Eq. (1), we get 


ing data are obtained 


4 y 
2.4107 _(0.020)" |. oy 4 yay 


Initial concentration 1.2107 [0.100]” 
Experiment [NO] [Cl] Initial rate 
1 0.010 0.010 12x10 From Experiment 3, we have 
2 0.010 0.020 2.4x107 9.6x107*= k{0.020}*[0.020]” (3) 
3). 0.020 0.020 9.6x10~ 


pe __________| Dividing Eq. (3) by Eq. (2), we get 
Write rate law for the reaction. What is the order of the “4 ; 
9.6x10 [0.020]* 


reaction? Also calculate the specific rate constant. = 34-2? >x-2 
2.4x10~* = [0.100]” 


Solution 
Hence, the order of the reaction=x+ y=2+1=3 
Let the rate law for the reaction be Rate law for the reaction is 
Rate = k[NO]'[CL]’ Rate = k[NO]’[CL] 

From Experiment 1, we have Considering Eq. (1) again, we get 

1.2 x 10% = k[0.010}'[0.010]” (1) 1.2 x 10“ = k[0.010]’ [0.010] 
From Experiment 2 ir 

P 3 or = ala =12x10 mpl? Ls” 
2.4 x 10~ = k[0.010]*[0.020) (2) [0.010]: 


12.7 | CALCULATIONS OF ORDER AND MOLECULARITY BASED 
ON REACTION MECHANISMS 


The order of a reaction needs to be determined experimentally and the definition of order of reaction is true for both 
elementary and complex reactions. On the other hand, molecularity of a reaction can be defined only for an elemen- 
tary reaction. (Here elementary reaction means the reaction which takes place in one step.) For example, 


H,(g)+1,(g) > HI(g) 


Here, rate = k [H,] [L]. The overall order of the reaction is 2, that is, 1 with respect to [H,] and 1 with respect to [L]. 
Since it is a one-step reaction, molecularity is 2. Thus, the order of reaction and molecularity are both 2. However, in 
case of complex reactions, molecularity has no meaning. 


Note: The rate law for a one-step reaction agrees with the stoichiometry of the reaction. 
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12.7 | Calculations of Order and Molecularity Based on Reaction Mechanisms 


Some important points about order and molecualrity are summarized in Table 12.1 


Table 12.1 Order and Molecularity 


Order Molecularity 

Order of any reaction is the number of atoms or molecules Molecularity of any reaction is the number of atoms or 
which determine the rate of the reaction. molecules which take part in an elementary reaction. 

It may be an integer, fraction or zero. It is always an integer. 

It is an experimental quantity and varies with the conditions of It is a theoretical quantity that can be determined from the 
the reaction. balanced chemical equation for an elementary reaction. 

It is applicable to both elementary and complex reactions. It is applicable only to an elementary reaction and has no 
In a complex reaction, order is given by the slowest step and meaning for a complex reaction. If a complex reaction takes 


the molecularity of the slowest step is the same as the overall _ place in a few steps, then each step will have its molecualrity. 
order of the reaction. 


A balanced equation generally describes only a net overall change. Usually, however, the net change is the result of 
a series of simple reactions that are not at all evident from the equation. This sequence of steps by which the reactants 
are converted to products is the mechanism of the reaction. For example, the following reaction occurs in three steps. 


(CH,),;CBr(aq)+OH (aq) > (CH, ),; COH(aq) + Br (aq) 


In the first step, the (CH,),CBr molecule dissociates into a pair of ions. 


CH, CH, 
| | 
CH,—C—B6Br 2 CH —C—Br  irststep) 
| | 
CH, CH, 


The positively charged (CH,),C* ion then reacts with water in a second step. 


CH, CH, 
| | 
CH, —C* +H,0 > CH, —C—OH; (second step) 
| | 
CH, CH, 


The product of the reaction then loses a proton to either the OH ion or water in the final step. 


CH, CH, 
| | 

CH, — C— OH) + OH > CH; —C—OH+H,0 (third step) 
| | 
CH, CH, 


The second and third steps in the reaction are much faster than the first step. 


CH,CBr > (CH,),C* + Br- (slow step) 
(CH, ),C* +H,O > (CH, ),COH; (fast step) 
(CH,;);COH; +OH —(CH,),COH+H,O (fast step) 
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The overall rate of this reaction is therefore very close to the rate of the first step, that is, the slowest step. The slowest 
step in this reaction is called the rate-determining step (rds) because it literally limits the rate at which the products of 
the reaction can be formed. Because only one reagent is involved in the rate-limiting step, the overall rate of reaction 
is proportional to the concentration of only that reagent. 


Rate = A[(CH, ), CBr] 


The rate law for this reaction therefore differs from what we would predict from the stoichiometry of the reaction. 
Although the reaction consumes both (CH,),CBr and OH , the rate of the reaction is proportional only to the con- 
centration of (CH,),CBr. 
Consider the example of decomposition of ozone. It decomposes according to the following reaction 
20;(g) > 30,(g) 


The mechanism can be explained as 


Step 1:0;(¢) =—=0,(g)+O(g) — (Fast) 
Step 2:0,(g)+O(g) —,—20,(g) (Slow) 
To find the rate expression, we consider rate determining step, which is Step 2 for this reaction. Then according to the 


rate law 
Rate = k,[O; ][O] 


Note that in this equation, we have an intermediate [O] present. We have always to replace the intermediate in terms 
of known reactants and products. So from Step 1 


_[0,][0] 
“ [05] 
Therefore, 
[0] =x, {2 
[O, ] 
Substituting in rate equation, we have 
O z 
Rate = k,[O, Ik, Oy = k,kglO,F[0F° 


So the order of reaction is 1. 


The series of individual steps that add up to the overall observed reaction is called the mechanism of a reac- 
tion. Each individual step in a reaction mechanism is an elementary process involving collisions between molecules. 
Information about reaction mechanisms is one of the advantages of studying rates reactions. 


Note: The exponents in the rate law for an elementary process are equal to the coefficients of the reactants in the 
chemical equation for that elementary process. For a multistep complex reaction, the rate law for the slowest step 
in a mechanism should agree with the experimental rate law. 


The rate laws for chemical reactions can be explained by the following general rules: 
1. The rate of any step in a reaction is directly proportional to the concentrations of the reagents consumed in that 
step. 


2. The overall rate law for a reaction is determined by the sequence of steps, or the mechanism, by which the reac- 
tants are converted into the products of the reaction. 


3. The overall rate law for a reaction is dominated by the rate law for the slowest step in the reaction. 


Note: We can tell whether a proposed mechanism is feasible if the overall rate law derived from the mechanism 
agrees with the observed rate law for the overall reaction. 
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Solved Example 12-16 | 


The following reaction follows a rate which is second 
order with respect to NO and first order with respect to 
O,. The overall order of reaction is 3. 


2NO + O, > 2NO, 


Write the rate equation for the reaction. If the mechanism 
of the reaction involves the following two steps: 


NO, +O, = NO, 
NO + NO, > 2NO, 


What is the molecularity of each elementary reaction and 
how can we deduce the rate law from these two elemen- 
tary steps? 


Solution 


The molecularity of each elementary reaction is 2. 


12.8 | PSEUDO ORDER REACTIONS 


Let the equilibrium constant for the first elementary 
reaction (fast) be & and the rate constant for the second 
elementary reaction (slow) be k,. Then the rate of overall 
reaction can be calculated as follows: 

From the second elementary reaction, 


Rate = k[NO][NO,] (1) 


From first elementary reaction, using law of mass action, 
equilibrium constant 


K= sl = [NO,]= K[NO][O, ] 
[NO][O, ] 
Substituting the value of [NO,] in Eq.(1), we get 
Rate = k[NO]K[NO][O,] = K’[NOJ [O, | 
where K’=kK. 


A reaction whose order is different from the actual due to large excess concentration of one of the reactants is called 
pseudo-order reaction. Consider a reaction, A + B > Products in which the reactant B is present in large excess. The 


rate equation can be written as: 


Rate = A[A][B] 


As B is present in large excess, its concentration remains practically constant in the course of the reaction. Thus, the 


rate law can be written as: 


Rate = k’[A] 


when the new rate constant k’ = k[B]. Thus, the actual order of the reaction is second order but in practice it will be 
first order. Hence the reaction is said to have a pseudo-first order reaction. Some examples of pseudo-order reactions 


are as follows: 


1. Hydrolysis of an ester: Ethyl acetate on hydrolysis in aqueous solution using a mineral acid as catalyst forms 


acetic acid and ethyl alcohol. 


CH,COOC,H, + H,O > CH,COOH + C,H,OH 


Here a large excess of water is used and the rate law can be written as 


Rate = k[CH,COOH]|[H,O] = k’[CH,COOH] 


This reaction is actually a second order reaction but, in practice, it is found to be first order. Hence it is a pseudo- 


first order reaction. 


2. Hydrolysis of sucrose: Sucrose upon hydrolysis in the presence of a dilute mineral acid gives glucose and fructose. 


C,Hy,O14 + H,O > C,H,,0, an C.H,,0, 


If large excess of water is present, its concentration is practically constant and the rate may be written as 


Rate = A[C,,H,,O,, |[H,0] = k'[C,,H,,0,,] 


Though the actual order is 2, its experimental order is 1. Thus it is a pseudo-first order reaction. The metabolism 
of hormones in human bodies is an example of pseudo-first order reactions. 
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Apart from pseudo first order reactions, there are reactions having molecularity greater than or equal to 3, but with 
order = 2. These reactions are called pseudo bimolecular reactions. 


12.9 | INTEGRATED RATE EQUATIONS 


While preparing some compound, we may want to know how long it will take for the reactant concentrations to drop 
to some particular value, so we can decide when to isolate the products. The rate law tells us how the speed of a reac- 
tion varies with the concentrations of the reactants, but not how the concentrations change over time. 

The relationship between the concentration of a reactant and time can be derived from a rate law using calculus. 
By summing or “integrating” the instantaneous rates of a reaction from the start of the reaction until some specified 
time ¢, we can obtain integrated rate laws that quantitatively give concentration as a function of time. The form of the 
integrated rate law depends on the order of the reaction. The mathematical expressions that relate concentration and 
time in complex reactions can be complicated, so we will concentrate on using integrated rate laws for a few simple 
zero and first order reactions. 


Zero Order Reactions 


When the rate of a reaction does not depend on the concentration of one or more of the substances consumed in that 
reaction, it is said to be zero order in that substance. In a zero order reaction, the rate of reaction literally depends on 
the concentration of that reagent to the zeroth power, that is, it is independent of the concentration of the reagent. For 
example, decomposition of gaseous ammonia into H, and N, on a hot platinum surface. The rate at which ammonia 
decomposes is the same regardless of the concentration of the gas. 

Consider a general zero order reaction of the type: A > Products. Let [A], be the initial concentration of the reac- 
tant and [A] be the concentration at time t. The rate equation is therefore, 


A 
Rate = Sl =k[A], =k (12.15) 
or d[A]=—-kdt 
On integration, we get 
[A] =—kAt+T1 (12.16) 


where / is the constant of integration. At t= 0, the concentration is [A] =[A],, therefore, substituting in Eq. (12.16), we get 
[A], =-kx0+/=I 


Substituting this value of Jin Eq. (12.16), we get 
[A] = —At+[A], 


or Fey ees EI ae) (12.17) 


By definition, the quantity on RHS represents the rate of reaction. Thus, in zero order reaction, the rate constant is 
equal to the rate of reaction at all concentrations. The unit of rate constant is (units of concentration)/(units of time) = 
mol L's". 

If the reaction is zero order, a plot of experimental data of concentration of A vs. time should fit the integrated 
form of the zero order rate law. 


or k= 
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For the reaction A — Products, if at t= 0, [A], = a and at t= t, [A] = a — x, then the rate equation can be written as 


~kt =[A]-[A], 


kal == or x=kt 


This equation contains two variables — [A] and ¢ — and two constants — [A], and k. It can therefore be set up in terms 
of the equation for a straight line. 


y=mx+c 
[A] =-kt +[A], (12.18) 
This equation is the integrated form of rate law for zero order reaction. If the f 
Zero order 
reaction 


reaction is zero order in A, a plot of the concentration of A vs. time will be a 
straight line with a slope equal to —k, as shown in Fig. 12.4 and intercept equal to 
[Alh. 

For example, the decomposition of NO (or NO,) into its elements is an 
important reaction because of the significant environmental problems that NO 
and NO, represent when the gases accumulate in the atmosphere. In the pres- 
ence of a large excess of NO, the rate of the reaction is zero order with respect 
to NO. 


[A] 


[A] = —kt + [A]o 


Rate = k[NO]’ =k 


t 


Note: For NO to react, it must find a site on the platinum metal at which it can | Figure 12.4 Plot of the con- 
bind to the metal surface. There are only a limited number of sites available at | centration of A vs. the elapsed 
which reaction can occur, no matter how much NO is present, and only those | time since reaction started for 
NO molecules that occupy one of these sites can undergo a reaction. As a result, | 4 Zero order reaction. 

the rate of the reaction does not increase as we add more NO to the system and 
the reaction appears zero order with respect to NO. 


First Order Reactions 


Those reactions whose rate is determined by the change of only one concentration term are known as first order reac- 
tions. Such reactions are represented by the general reaction: A > Products. 


Rate = —-——— = 


oe at"! = —kdt (12.19) 


where k, which is a proportionality constant, is called the velocity constant, rate constant or specific rate constant. 
To deduce the integrated form of the Eq. (12.19), let us consider the initial concentration of A as [A], and the concen- 
tration of A due to reaction up to time ¢ as [A]. Integrating Eq. (12.19), we get 


In[A]=—kt+I (12.20) 


where / is the constant of integration and its value can be determined easily. At t= 0, [A] =[A]), therefore above equa- 
tion can be written as 


In[A], =-kx0+7=1=> 1 =In{A], 
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Substituting back the value of / in Eq. (12.20), we get 
In[A] = —At+In[A], 


Rearranging we get, 


In Ed =-kt (12.21) 
[A], 
_1, [Ab 
or kg ; In A] (i222) 


Equation (12.22) is the integrated form of rate law equation for a first order reaction. To represent the integrated law 
in terms of rate constant, consider the integrated rate equation at two time intervals ft, and t,, when the concentrations 


are [A], and [A],, respectively, given by 


In[A], =—At, +In[A], (12.23) 
and In[A], = —kt, + In[A], (12.24) 
Subtracting Eq. (12.23) from Eq. (12.24), we get 
In[A], —In[A], = —kt, —(-At,) 
[A]; 
] =k(t,-t 
n [A] (t,-t,) 
ae In [A}, (12.25) 


(t, _ t) [A], 


If the reaction is first order in A, a plot of experimental data of In A vs. time should fit the integrated form of the first 


order rate law. 


To see if the experimental data fits this equation, let us rearrange the integrated form of the first order rate law as follows. 
In[A]—In[A], = —At 
The equation now contains two variables — In(A) and t— and two constants — In(A), and k. It can therefore be set up 


in the form of an equation for a straight line. 
y=mx+c 


In[A] = —At+In[A], 
If the reaction is first order in A, a plot of the natural logarithm of the concentration of A vs. time [Fig. 12.5(a)] will be 
a straight line with a slope equal to —k and intercept equal to [A],. 


A 


A 
First order reaction 
InfAlo 
< 
x 2 
= = 
Se Slope = k/2.303 
In[A] = —kt + In[A]o 
t . 0 t 7 
(a) (b) 


Figure 12.5 Plot of (a) In A vs. t and (b) log [A],/[A] vs. t. 
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The rate law equation in Eq. (12.21) can also be written as 


_ 2.303, [Ah 


k 
t [A] 
or log fe 
[A] | 2.303 


For the reaction A — Products, if at t= 0, [A], = a and at t = ¢, [A] = a—x, then the above equation can also be written 
as 


los{ —“_] oe (12.26) 
2.303 


a-X 


where a is the initial concentration, and x is the amount reacted at time f. 


The slope of plot between log [A],/[A] and time ¢ is k/2.303 as shown in Fig. 12.5(b). Some examples of first order 
reactions include: 
Some examples of first order reactions include: 


1. Hydrogenation of alkenes: H,C = CH, +H, — H,C-—CH,. 
2. Decomposition reactions: SO,Cl,(g) > SO,(g)+Cl,(g) and 2N,0,(g) > 2N,0,(g)+0,(g). 


Solved Example 12-17 


The decomposition of N,O, is a first order reaction with a In[A]-—In[A], = —At 
rate constant of 0.420 min’. If the initial concentration of 


NO, is 0M, what will he the concentration after 5 min? Substituting what is known about the decomposition of 


N,O,, we obtain 


Solution In{N,O,]—In(1.0) = -(0.420 min" )(5.00 min) 
The integrated form of the rate law for reactions that fol- In[N,O,] = —(0.420min™ )(5.00 min) = -2.10 
low first order kinetics is written as follows. [N,O,]=0.12M 
In [A] )_ ve The concentration of N,O., therefore, decreases by a fac- 
[A], > tor of about 8 over the course of 5 min. 


Taking advantage of the mathematics of logarithms, we 
can write this equation as follows: 


Solved Example 12-18 | 


A first order reaction is 40% complete in 50 min.Calculate Given that at t=50 min, x = (40/100) a =0.4a, substituting 
the value of the rate constant. In what time will the reac- in the equation, we get 
tion be 80% complete? 


2.303 a 
k= log 
Solution 50 a—0.4a 
For the first order reaction, k = 2505 tos( “ oe log : = 0.010216 min™ 
t a-Xx 50 0.6 
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Solved Example 12-19] 


If it takes 75.0 min for the concentration of a reactant to 
drop to 20% of its initial value in a first order reaction, 
what is the rate constant for the reaction in the min”? 


Solution 


Assume the initial concentration is 100 and the final con- 
centration is, therefore, 20 (the units are immaterial in this 


case since they will cancel out in the calculation). For a first 
order reaction, the integrated form of rate equation is: 
A 
In [Alo _ kt=> In ue k(75.0 min) 
[A]. 20 


Solving for k, we get 2.15 x 10° min”. 


Solved Example 12-20] 


In designing a consumer product, it is desirable that it 
has a two-year shelf life. Often, this means that the active 
ingredient in the product should not decrease by more 
than 5% in two years. If the reaction is of first order, what 
rate constant must the decomposition reaction of the 
active ingredient have? 


Solution 


Since this is a first order reaction, then we can use the 
integrated rate law for a first order reaction: 


In [Alo =kt 
[A] 


t 

If only 5% of the active ingredient can decompose in two 
years, then 95% must remain, therefore, [A], = 100, [A],= 
95, and t = 2 years. Substituting these values in integrate 
rate law, we get 


n= =k(2)>k=2.56x10~years* 


Solved Example /12-21| 


The rate constant for a first order reaction is 3.2 x 10° s" 
at a particular temperature. What percentage of reactants 
will react on heating for 1.5 h? 


Solution 


For a first order reaction, the integrated rate law is given by 
[Al [Al _, , -2303,,, [Ah 
[A], [A], t [A], 
Substituting the given values in the rate law equation, 
we get 


kt=In = 2.303 log log 


Second Order Reactions 


2.303 a 
log 


a-X 


3.2x10°s1 = 
1.5x 60x60 s 


a _3.2x10°s'x1.5x60x60s 
2.303 


=0.075 


a-xX 


@  =1.1885 = a=1.1885a—1.1885x 


a-x 
or 1.1885x =1.1885a—a=0.1885a 
x 0.1885 


or —=——_=0,.159=15.9% 
a 1.1885 


Reactions in which rate is determined by changing two concentration terms are known as second order reactions. 


These reactions may be of two types: 


1. When the reaction is 2A — Products: In such types of reactions, two molecules of the same reactant are involved 


in the reaction. The rate of reaction is 


_ aA] 
dt 


= k[AP 


where [A] is the concentration of reactant A. One typical example is the decomposition of hydrogen iodide, 
2HI > H, +I,. For the reaction, 2A — Products, if at t= 0, [A], = a and at t= ¢, [A] = a—.x, then the rate constant 


of second order reactions having only one reactant is 
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fat 
t |a(a—x) 


The quantity x/(a — x) is dimensionless, so units of k are (concentration) ' time”, that is, L mol time”. 


(12.27) 


. When the reaction is A + B — Products: In such reactions, the rate is determined by the change of two concentra- 
tion terms of two different reactants. 


(12.28) 


where [A] and [B] are the concentration of reactants A and B, respectively, at any given time ¢, and k is the velocity 
constant. For example, 


CH,COOC,H, + NaOH > CH,COONa+C,H,OH 


For the reaction, A + B — Products, if at t= 0, [A] = a and [B] = b and at t= ¢, [A] = a—x and [B] = b — x, then the 


rate constant of second order reactions having two different reactants is 


k= 


lane) c=) 


(12.29) 


The units of rate constant are (1/time) x (1/mol L"') x [(mol L“)(mol L™)/(mol L")(mol L™)] = L mol!” time™. 


Solved Example 12-22 


In a second order reaction, the reaction is found to be 
25% complete in 30 min. The initial concentration of the 
reactant is 0.5 mol L”. Calculate (a) rate constant and 
(b) time required for completion of 90% of the reaction. 
Solution 


(a) For asecond order reaction, 2A — Products, the inte- 
grated rate law equation is given by 


where [A], is the initial concentration and [A] is the 
concentration at time ft. When the reaction is 25% 
complete, 


[A] = 75% [A], = 0.75 [A], 
Given that [A], = 0.5 mol L”, therefore 


[A] = 0.75 x0.5 = 0.375 mol L™ 


Now, substituting ¢= 30 min in the integrated rate law 
equation, we get the rate constant as 


k= ax{ : 5) =x 2) 
30 (0.375 0.5) 30 


= 0.0223 Lmol' min 


(b) When the reaction is 90% complete 
[A] = 10%[A,]=0.1x[A,] 
Given that [A], =0.5 mol L”. Therefore, 
[A] =0.5x0.1=0.05 mol L” 


Substituting the values of & and [A] in the expression 
for time period, we get 


tf Oe Al (xt ‘| 
~ k\[A] [A], } 0.0223\0.05 0.5 


ae — (0-23) 60717 tah 
0.0223 


Solved Example | 12-23 


A second order reaction, where a = b, is 20% complete in 
500 s. How long will it take for the reaction to go for 60% 
completion? 


Solution 


For a second order reaction, 
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1 x 
x 
t a(a-—x) 


When the reaction is 20% complete, x is 20% of the initial 
concentration a, that is, 


20% of a= ae 0.2a 
100 


1 0.2a 1 
x 


So, k= ~ 
500 a(a-—0.2a) 200a 


Third Order Reactions 


Now suppose it takes ¢, seconds for the reaction to go for 
60% completion. Then for 60% completion 


x= bie = 0.6a 
100 
Thus, ack ana => : Die 
t a(a-06a) 200a ¢t, 2a 


which gives ¢, = 3000 s. 


A third order reaction is one whose rate depends on the first power of concentration terms of three individual mol- 
ecules involved in the reaction. There are three types of third order reactions: 


1. When the reaction is A + B + C — Products: If at t = 0, [A] = a, [B] = 5 and [C] = c and at t= 14, [A] =a- x, 
[B] = b-— x and [C] =c~—x, then the third order rate equation is 


dx 


d 


a x)(b—x)(c—x) 


(12.30) 


The integrated form cannot be solved easily. However, a simpler case where two of the initial concentrations are 


equal, that is, a= b, changes Eq. (12.30) to 


dx 


d 


1 


ra k(a-—x)(c-x) 


(12.31) 


Integrating Eq. (12.31), gives kg 5 
t(c—a)y 


cra)” in| = a) (i232) 
a(a—x) a(c—x) 


2. When the reaction is 2A + B > Products: If at t= 0, [A] = a, [B] = b and at t= ¢, [A] = a— 2x and [B] = b — x, then 


the rate equation becomes 


On integration, we get 


dx 2 
a = k(a-2x)(b-x) (12.33) 
aie pose in M20} (12.34) 
t(2b—a)*| a(a—2x) a(b— x) 


3. When the reaction is 3A — Products: If at ¢ = 0, [A] = a and at ¢t = t, [A] = a — x then the rate equation can be 


written as 
dx 
—=k(a—x) 12.35 
T= ka-x) (12.35) 
Integrating the Eq. (12.35), it gives k= : Aas a (12.36) 
2ta° | (a—x) 
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Higher n“ Order Reactions 


In general, a reaction whose order is 1 can be written as A > Products. Let a be the initial concentration of the reactant 
and x be the concentration that is consumed at time, t. Then the concentration of the reactant at t is a — x. The rate 
equation is therefore, 


ae ee eee 
dt (a-x)" 
- n+1 
On integration, it gives loony = kJ de => ne =kt+I=> ass =kt+I 
a-x —n a-—x)"(n- 


where / is the constant of integration. At t= 0, x is also equal to zero. Applying this in the above equation, it gives 
oe: 
{(a)""(n-1)} 


On substituting this in the above equation, we get 


: =kt+ . 
(a—x)""(n-1) (a)""(n-1) 


1 1 1 1 1 
kt= 7 
(a—x)"'(n-1) (a)"'(n-1) n-1|(a-x)"! a” 


Replacement of Concentration Terms by other Variables in First Order Reactions 


At times, in the first order reaction some other variables instead of concentration are provided. In such cases the 
expression a/(a — x) should be obtained in terms of the known variables. Consider the following cases where concen- 
tration terms are replaced by other terms in first order reactions. 


Replacement of Concentration Terms by Pressure 


We know that, other variables being constant, pressure is directly proportional to the number of moles and hence the 
concentration. Consider the following first order reaction with the concentration terms at different time 


A> B+H+C 
t=0 a 0 0O 
t= a-Xx x x 
t= 00 0 a a 


Case 1: When instead of concentration, the pressure of A at t= 0 and f= ris given. 
At t= 0, pressure of A is p, and at t = t, pressure of A is p, 
Since pressure is directly proportional to concentration, therefore 
Pressure at t= 0 < concentration of A at ¢ = 0, that is, a p, 
Pressure at t = ¢ < concentration of A at f= ¢, that is, (a — x) «< p, 
So the integrated rate equation of the first order kinetics 


kt = 2.303 toe 
a-xXx 


can be written as 


kt =2.303 log{ 2 
Py» 
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Case 2: When instead of concentration, the pressure of (B + C) at t= ft and t = is given. 
At t=, pressure of (B + C) is p, and at tf = ©, pressure of (B + C) is p,. 
Then at t=¢, p, <(x+x)=> p, «2x 
and at f=, p, <(a+a) => p, «2a 
Thus the concentration term can be written as 


a __ ?Ps 
a-X P,-P, 


Therefore, the integrated rate equation can be written as 


kt = 20stog{ P| 
P3— P2 


Case 3: When instead of concentration, the pressure of (A + B + C) at f=0 and f= fis given. 
At t= 0, pressure of (A + B + C) is p, and at t=t, pressure of (A + B + C) is py. 
In this case, pressure of (A + B + C) < concentration of (A + B+ C). 
Att=0,p, « (a)+(0) + (0) => p, = (a) 
At t=6, p, <(a—x)+(x)+(x) = p, «< (atx) 
Therefore, 
i eee 2s a 
a-x 2p,—P, 


Therefore, the integrated equation for rate law is 


kt =2.303 log| 2) 
2P,— Pr 


Case 4: When instead of concentration, of (A + B + C) att=t and t= is given. 
At t= 4, pressure of (A + B + C) is p, and at f = ~, pressure of (A + B + C) is p3. 
Then, 
Att=t, p, <(a—x)+(x)+(x) = p, <(a+x) 
Att=%,p,«<0+a+aorp,«<2a 
Therefore, the integrated rate law expression is 


kt = 2.303 log( 22.) 
P3— P2 


Replacement of Concentration Terms by Volume in Titrations 
Consider the following first order reaction with the concentration terms at different time f 


A—> BHC 


=0 a 0 0 
t=t a-Xx x x 
t =o 0 a a 


Here A is the reactant, B and C are products and D is the catalyst. 
Case 1: The oxidizing or reducing agent reacts with A only. 
In this case the, concentration of A « volume of oxidizing or reducing agent used. 
Given that: 
At t= 0, volume of oxidizing or reducing agent is V, 
At t=1¢, volume of oxidizing or reducing agent is V, 
Therefore, a < V, and (a — x) « V, 
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Thus, = v 
V, 


Then, the integrated rate law equation is 


kt = 2.303 log( 2 
V 


2 


Case 2: The oxidizing agent or reducing agent reacts with B and C and their n-factor are in the ratio 1:1. 
Given that: 
At t=t, volume of oxidizing or reducing agent is V, 
At t=, volume of oxidizing or reducing agent is V, 


Therefore, 
Vi, c (x+x) => V, «< 2x 
V, <(a+a)= V; <2a 
Thus, ug Bie 
a-x V;-V, 


Then the integrated rate law equation is 


kt = 2.303 log ue 
V;-V, 
Case 3: The oxidizing agent or reducing agent reacts with A, B and C and their n-factor are in the ratio 1:2: 3. 
Given that: 
At t=t¢, volume of oxidizing or reducing agent is V, 
At t=, volume of oxidizing or reducing agent is V, 
Then for the reaction 
A> B+C 
t=0 a 0 O 


(as n -factor of A, B , C is in the ratio 1:2:3) 


Therefore, 
V, <(a—x)+(2x)+(3x) > V, <(a+ 4x) 
V, (0) +(2a)+ (3a) => V, % 5a 
Thus, Go MD 


a-x (V;-V,)/4 
Then the integrated rate law equation is 


kt = 2.303log a 
5(V, -V,) 


Case 4: The oxidizing agent or reducing agent reacts with A, B, C and D and the n-factor of A, B, C are in the ratio 1:1: 1. 
Given that: 
At t= 0, volume of oxidizing or reducing agent is V, 
At t= t, volume of oxidizing or reducing agent is V, 


At t=, volume of oxidizing or reducing agent is V, 
https://telegram. me/unacademyplusdiscounts 


Telegram @unacademyplusdiscounts 


Chapter 12 | Chemical Kinetics 


Let the volume consumed by D be V,, It will be a constant, since D is a catalyst. Then 
V, <(a)+O)+O)+V, 
V, x (a—x)+(x)+(x)+V, 
V, < (0)+(a)+(a)+ Vp 


Thus, AO VGN, 
a—x V,-Vj 


Then the integrated rate law equation is 


kt = 2.303log Bey 
V, -V, 


3 2 


Replacement of Concentration Terms by Optical Rotation in Pseudo First Order Reactions 


Example of inversion of cane sugar 
Consider the following reaction 


Cy H,,0,,+ H,0 md C,H,O,+ C,H,,0, 
Sucrose Excess Glucose Fructose 


d(+) d(+) 1((-) 
Overall /(—) 


Att=0 a 0 0 
Att=t a-Xx x x 
At t=00 0 a a 


The above reaction is a pseudo first order reaction as H,O is in excess. The rate equation can be expressed as 


k't=2,3031og[ us 


a-xX 


In this reaction, dextrorotatory d(+) sucrose on hydrolysis changes to a laevorotatory mixture /(—) on hydrolysis. This 
is the reason why the reaction is called inversion of cane sugar. The optical rotation measured here is proportional to 
concentration of the reactants or products which are optically active, that is 


rotation(r) « concentration 


Let the proportionality constant for sucrose be /,, glucose be /, and fructose be J,. 

Case 1: When instead of concentration, the optical rotation of sucrose at t = 0 and f= fis given. 
At t= 0, optical rotation of sucrose is r, 
At t=, optical rotation of sucrose is r,. 


Then, 
r =1,(a) 
7, =1,(a-x) 
Therefore, 
eG 
a-x fF, 
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Thus the integrated rate law equation is 


kit = 2stog{ | 


t 


Case 2: When instead of concentration, the optical rotation of (sucrose + glucose + fructose) at t= 0 ,t and © is given. 
At t= 0, optical rotation of (sucrose + glucose + fructose) is r, 
At t=t, optical rotation of (sucrose + glucose + fructose) is r,. 
At t =, optical rotation of (sucrose + glucose + fructose) is r... 


Then, 
r, =1,(a)+1,(0)+4,(0) 
1 =1,(a—x)+L(x)+1(x) 
r, =1,(0)+1,(a)+L(a) 
Therefore, 


Thus the integrated rate law equation is 


ro-'% 


k’t = 2.303 lox =] 
- 


oo t 


Example of acid catalyzed hydrolysis of esters 


Consider the following reaction 


CH,COOCH, +H,O—“_+CH,COOH + CH,OH 


excess 


Att=0 a 0 0 
Att=t a-x x x 
At f=00 0 a a 


This is a pseudo first order reaction as H,O is in excess. 

Given the volume of alkali (NaOH) consumed in neutralization of acid: 

At t=0, volume of NaOH used is V, 

At t=t, volume of NaOH used is V, 

At t= 00, volume of NaOH used is V_, 

Here the alkali is used for neutralization of CH,COOH present in the solution and acid used as catalyst. Let the vol- 
ume consumed by catalyst be V.. Then 


Vy < (0)+ Ve 
Vio (x)+V 
Vx (a)+ Ve 


Therefore, 


Then the integrated rate law equation is 


k’t = 2.303 log Leds 
VV. 
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Solved Example 12-24 


Consider a first order gas phase reaction 
2N,0,(g) > 2N,0,(g)+ O,(g) 


Determine the expression for rate constant. 


Solution 


Let p, be the initial pressure of N,O, and p, be the pres- 
sure at time ¢. Then by Dalton’s law of partial pressures, 


P, = Px,o, + Px,o, + Po, 


At time f, let 2 mol of N,O, decompose to give 2 mol of 
N,O, and 1 mol of O,. Let the pressure of N,O,; decrease 
by 2x and then the pressure of N,O, and O, increase by 2x 
and x, respectively. 


Time 
Att=0 


Attimet p,-2xatm 2xatm x atm 


N,O5 


p,atm 


NiO, 0, 


Oatm Oatm 


Then 
D, =(p? —2x)+2x+x 


(e} 


or x=p,-p 
We know that py,o, = p®° —2x. Substituting for x in the 
equation, we get 

Py,o, = P° —2(P, — p*) = 3p° —2p, 
The rate constant for the reaction can be expressed as 
_ 2,303 p° 


log 
t Py,0,; 


Substituting for py 4., we get 


k 


_ 2.303, ,, 
t 3p° —2p, 


k 


Solved Example 12-25 | 


In presence of an acid N-chloro acetanilide changes 
slowly into p-chloro acetanilide. Former substance liber- 
ated iodine from KI and not the later and hence progress 
of reaction can be measured by titrating iodine liber- 
ated with Na,S,O, solution, the results obtained were as 
follows: 

Time (h) 0 il 2 4 6 8 

Hypo (a— x) (mol L”) aS BD DS) NLS) BA DS 


Show that reaction is unimolecular and find out the frac- 
tion of N-chloroacetanilide decomposed after three hours. 


Solution 


The present reaction is: 


O 
Oh Wer an’ CH 


: 


Let us apply the kinetics of first order reaction. 


3 3 


Acid catalyst 
a 


Time (hour) Rate constant (hour ') 

1 hour k= 2s ost = 0.34098 h™ 
il oy) 

2 hours = ao08 log = ! = 0.34660 h™ 
2 DOES 

4 hours k= eee ausie 0.3455 h™ 
4 iL} 

6 hours gee log fs } = 0.4164 h™ 
6 Sul) 

8 hours peeeeus toe =>} = 0.3428 h™ 
8 2,8) 


Average value of constant = 0.3584 h™'. Since, on apply- 
ing first order kinetics, we get almost same values of rate 
constant after different time intervals; hence, the reaction 
is of first order. 


Let us see the fraction decomposed after 3 hours. 


[ed log| is | so3se4= 25% log —“ 
t a-x 3 a-x 


Hence, the fraction decomposed, that is, x/a is 


S20 0p = 


a-xX 


0.3412 


or 1-~ =0,3412 = ~ = 0.658 
a a 
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Solved Example 12-26 | 


From the following data, show that the decomposition 
of hydrogen peroxide in aqueous solution is a first order 
reaction. What is the value of the rate constant? 


Time in minutes 0 10 20 30 40 
Volume(V)inmL 25.0 200 157 125 96 


where V is the number of mL of potassium permanganate 
required to decompose a definite volume of hydrogen 
peroxide solution. 


Solution 


The equation for a first order reaction is 


The volume of KMnO, used evidently corresponds to the 
undecomposed hydrogen peroxide. Hence, the volume of 
KMn0O, used at zero time corresponds to the initial con- 
centration a and the volume used after time ¢ corresponds 
to (a— x) at that time. Inserting these values in the above 
equation, we get 


Time (min) Rate constant 


2.303 25 
k=—— log —— 
10 10 20.0 
= 0.0223138 min“ = 0.003728" 


2.303 DS 
k =—— log — 
20 20 1557/ 


= 0.023265 min = 0.003871s' 


2.303 DS 
k = — log — 
30 30 DES 
= 0.02311 min™ = 0.000385 s* 


2.303, _ 25 
k= log 
40 40 °96 

= 0.023932 min = 0.000398s" 


The constant value of k shows that the decomposition 
of H,O,, in aqueous solution is a first order reaction. The 
average value of the rate constant is 0.0003879 s™. 


Solved Example 12-27] 


The optical rotation of sucrose in 0.5 N hydrochloric acid 
at 308 K and at various time intervals are given below. 
Find out the rate constant for the first order hydrolysis 
of sucrose. 


Time (minutes) 0 10 20 30 = 60 co 
Rotation (degrees) +32 25.5 20.0 155 5.0 -10.50 


Solution 


Here, the initial concentration a «<(r —r,) and the con- 
centration is x the change in time ¢ «(7 —1,). Therefore, 
(a—x)«(1,—r,). 

Substituting these values for different (a — x) values cor- 
responding to time ¢ from the data in the equation for first 
reaction: 


= 2303 og 4 2:308 59 Me 
t a-Xx t a 
we get 
(a), _ 2.303, 32-(-10.5) 
‘10 255—(105) 
= ag oe 0.0166 min™ 
10 36.0 


(b) = 233 jog 22-1085) 
20° 20.0-(-105) 
= cae 29 = qieeaiat 
20 30.0 
2.303 32 —(-10.5 
(c) k, = og ( 
30. 15.5=(-105) 
2.303 42.5 
= i—— og ——— 
30 26.0 
= 0.0164 min" 
2.303 32 —(-10.5 
(d) k, = og ( ) 
60.” 5.0—(-10.5) 
2.303 42.5 
= ——— og —— 
60 15.5 
= 0.0168 min” 


Average value of k, = 0.0166 min”. 
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Solved Example 12-28 | 


1 mL of methyl acetate was added to a flask, containing 
20 mL of N/20 HCl maintained at 25°C. Then, 2 mL of 
the reaction mixture was withdrawn at different intervals 
and titrated with a standard alkali solution. The following 
results were obtained. 


119 
26.6 


Time (min) 0 ds 183 oo 


Alkali used (mL) 19.24 = 24.2 29.32 42.03 


Show that the reaction follows first order kinetics. 


Solution 
Applying formula, we get 


2.303 
= log 
t V..-V, 


k 


where V_ = 42.03 mL and V, = 19.24 mL. Therefore, when 
t= 75 min, we have 


_ 2.303, _ (42.03-19.24) 


og = 0.00327 min™ 
75 (42.03 — 24.20) 


k 


Therefore, when t= 119 min, we have 


few 22303 jy (42-03 - 19.24) 


—— = 0.00318 min™ 
119 ~” (42.03—26.6) 


Similarly, we can calculate k when f= 183 min. 


2.303, _ (42.03-19.24) 


= 0.00327 min™ 
183” (42.03 29.32) 


k 


Since values of k are almost constant, hence proved. 


Solved Example 12-29] 


The vapor pressure of two miscible liquids A and B are 
300 mm Hg and 500 mm Hg, respectively. In a flask, 10 mol 
of A is mixed with 12 mol of B. However, as soon as B is 
added, A starts polymerizing into a completely insoluble 
solid. This polymerization follows first order kinetics. After 
100 min, 0.525 mol of a solute is dissolved which arrests 
the polymerization completely. The final vapor pressure 
of the solution is 400 mm Hg. Estimate the rate constant 
of the polymerization reaction. Assume negligible volume 
change on mixing and polymerization, and ideal behavior 
for the final solution. [Given log,,11 = 1.04]. 


Solution 
We have p? = 300 mm Hg; p? = 500 mm Hg; 
ny, = 10 mol; n, = 12 mol. 
Let the amount of A after 100 min is reduced to n,. At 
this stage, we have 


Arora = Ma +g + Mgonte = Ma +124+0.525 


Mole fractions of A and B in the solution will be 
c= ——"4____ and Xs = o_o 
n, +12.525 n, +12.525 


SINCE Pri) = PAX, + PpXp, WE get: 
12 
n, —12.525 


400 = 300x 4 + 500 x 
Ny + 12.525 


Solving for n,, we get n, = 9.90 mol. 
In the reaction nA — A, for the first order kinetics, 
we have: 


rama! 


Al, 
Al, 


kt = 2.303 log, 


a 


Substituting given values, we get 
k(100 min) = 2.303 log,, a 


or k =1.00x10* min™ =1.67x10° s7 


12.10 | HALF-LIFE OF REACTIONS AND RADIOACTIVITY 


The half-life of a reactant is a convenient way to describe how fast it reacts, particularly for a first order process. A 
reactant’s half-life (¢,.) is the amount of time required for half of the reactant to disappear. A rapid reaction has a 
short half-life because half of the reactant disappears quickly. The equations for half-lives depend on the order of the 


reaction and are described as follows. 
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1. Zero order reactions: For a zero order reaction, the rate constant is given by following equation. At ft = 1,,,, 
[A] =[A],/2. Substituting in the above equation, we get 
[A]}o —@/2)[A]o [Al 


kas) ee SS Si = 
Ls ee Bk 


Thus, the half-life time in a zero order reaction is directly proportional to the initial concentration of the reactants 
and inversely proportional to the rate constant. 


2. First order reactions: When a reaction, overall, is first order, the rate constant is given by the equation 


eens oe (12.37) 
[A], [A], 


The half-life of the reactant can be obtained by setting [A], equal to one-half of [A], and time as f,,,. 
1 
[A], =51Ab 
Substituting 1/2[A], for [A], and ¢,,, for tin the above equation, we have 


nf [Ala JH 
[A], /2 


Noting that the left-hand side of the equation simplifies to In 2, and solving the equation for ¢,,,, we have 


In2 
hijo = a (12.38) 


Since In 2 equals 0.693, so Eq. (12.38) is sometimes written as 
peed 0.693 
1/2 k 
3. Second order reactions: Half-life period is given by ¢,,. = 1/ka. Hence t,,, of second order reaction is inversely pro- 
portional to the initial concentration of reactant. 
4. Third order reactions: Half-life period can be deduced as t,,, = 3/2ka’. It is inversely proportional to a’. 


5. n" order reactions: The half-life period is deduced from the relation ¢,,, « The general expression is 


ed fat 
1/2 ~~ k(n-1) qa’ 


The expressions for rate constants and half-life time of various order reactions are listed in Table 12.2 


q’ : 


Table 12.2 Rate constant and half-life time 


Order Expression for rate constant Half-life (at t = t,,., [A] = [A],/2) 
=e , _JAb-IAl pa Ab-G21Ab_, [Al 
i th ~ ak 
First intAlo — gy eet ye me a 
[A], [A],/2 oes 
Second kt= pee au (for the same reactant) bp= f In x J — : 
[A] [Ah k [Ah/2 [Ah kA] 
Third Kt u 5 (abe [ADCIAN) (for the same reactant) 3 KAR 
2[A], [A], 2 
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Radioactivity 


Radioactivity is an emission of particles and/or electromagnetic radiation by unstable atomic nuclei. The stream of par- 
ticles (photons coming from the sample is called nuclear) atomic radiation and the phenomena is called radioactivity. 
To understand the concept of radioactive decay and the half-life time of radioactive isotopes let us consider carbon-14 
(“*C), a radioactive isotope that is formed in small amounts in the upper atmosphere by the action of cosmic rays on 
nitrogen atoms. Once formed, it diffuses into the lower atmosphere. It becomes oxidized to carbon dioxide and enters 
the earth’s biosphere by means of photosynthesis. “C thus gets incorporated into plant substances and into the materials 
of animals that eat plants. As the '“C decays, more is ingested by the living thing. The net effect is an overall equilibrium 
involving “C in the global system. As long as the plant or animal is alive, its ratio of '“C atoms to '"C atoms is constant. 
At death, an organism’s remains have as much “C as they can ever have, and they now slowly lose this '“C by decay. 

Let us use the integrated form of the equation for a first order reaction to calculate how long it would take for the 
“C in a piece of charcoal to decay to half of its original concentration. All radioactive decay processes are first order. 
Therefore, “C decays by first order kinetics. 


Rate = k[*C] 


The experimental value for the rate constant for this reaction is 1.210 x 10~ years”. The integrated form of the rate law 
for this reaction would be written as follows: 
14 
In LL =-ktyp 
[Cho 


But we are interested in the moment when the concentration of “C in the charcoal is half of its initial value 
4C]=["C], /2. Substituting this relationship into the integrated form of the rate law gives the following equation: 
0 g p g g g eq 


In Ce) = —ktyp 
["C]o 


We now simplify the equation as follows: 


and then solve for ¢,,, as 


In(1/2) _ 0.6931 
= k — -1.210x10~ years” 


= 5730 years 


It, therefore, takes 5730 years for half the amount of the “C in the sample to decay. This is called the half-life (1,,,) of “C. 


Solved Example | 12-30 


Which radioactive isotope would have the longer half-life Solution 


15 ay) . 
POE ee = — The rate constant for the decay of '°O is less than that for 
For “O, k=5.63x10™ s” "O. Therefore, the rate of decay of O will be slower and 
For °O, k=2.38x107 s? it will have a longer half-life. 


Solved Example 12-311 | 


Suppose a patient is given a certain amount of iodine-131 patient after 24 days if none of it were eliminated through 
(I) as part of a diagnostic procedure for a thyroid dis- natural body processes? 

order. Given that the half-life of radioactive ‘I is 8.0 

days, what fraction of the initial ‘I would be present in a 
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Solution 


We know that radioactive ''I decays by a first order 
process with a constant half-life. A period of 24 days is 
exactly three 8.0 day half-lives. Therefore, let us apply the 
half-life concept three times. If we take the fraction ini- 
tially present to be 1, we can set up a table 


Half-life 0 1 oD; 3 
Fraction 1 1/2 1/4 1/8 


Half of the ‘I is lost in the first half-life, half of that 
disappears in the second half-life, and so on. Therefore, 
the fraction remaining after three half-lives is 1/8. 
The fraction remaining after n half-lives is (1/2)", or 
simply 1/2” = 1/8. 


Alternate solution 


We could also have solved the problem using the inte- 
grated first order rate law equation. We will need the first 


12.10 | Half-Life of Reactions and Radioactivity 


order rate constant, k, which we can obtain from the half- 
life by: 
_In2_ (0.693 


= 0.0866 days" 
ti. 8.0 days 


Then we can use the integerated rate law equation to 
compute the fraction [A],/[A],. 


[Alo 
[A]. 
Taking the antilog of both sides, we have 

[Al 

[A], 
The initial concentration, [A],, is 8.0 times as large as the 
concentration after 24.0 days, so the fraction remaining 


after 24 days is 1/8, which is exactly what we obtained 
much more simply above. 


In = kt = (0.0866 days™')(24.0 days) = 2.08 


= =8.0 


Solved Example | 12-32 | 


Calculate the rate constant for the following acid-base 
reaction if the half-life for the reaction is 0.0282 s at 25°C 
and the reaction is first order in the NHj ion. 


NH; (aq) + H,O() = NH, (aq) + H,0° (aq) 


Solution 


For a first order reaction, 


In2 0.693 


Half-life (ti) = ye k 


Substituting the given value of k in the equation, we get 


0.693 _, , _ 0.693 - 


=> + = 24.574 s* = 24.6 s* 
k 0.0282 


0.0282 s = 


Solved Example | 12-33 


The half-life of first order decomposition of nitramide is 
2.1 hat 15°C. 


NH,NO, (aq) > N,O(g)+H,O() 
If 6.2 g of NH,NO, is allowed to decompose, find the 


(a) time taken for nitramide to decompose 99%. 
(b) volume of dry N,O gas produced at this point at STP. 


Solution 


(a) Using first order kinetics, we have: 
C 0.693 


kt = 2.303 1 > —— xt 
Bo cee 


100 


=9S0tloe | 22 = 
Fro (= —99 


)ar=1395n 


(b) 6.2 g of NH,NO, =0.1 mol. From the reaction, we 
have 
NH,NO, (aq) > N,O(g)+H,O(1) 
Initial moles 0.1 0 0 
Moles att=13.95h 0.1-0.99x0.1 0.99x0.1 0.99 x 0.1 


Therefore, moles of N,O = 0.099, or volume of N,O at 
STP is 


Vy,o = 0.99 22.4 = 2.217 L 


https://telegram.me/unacademyplusdiscounts 


Chapter 12 | Chemical Kinetics 


Solved Example 12-34 | 


For the reaction 2X(g) > 3Y(g)+2Z(g) 


100 200 


200 


Time (min) 0 


Partial pressure of X (mm Hg) 


Assuming ideal gas condition, calculate (a) order of reac- 
tion, (b) rate constant, (c) time taken for 75% completion 
of reaction and (d) total pressure when p, = 700 mm Hg. 

(IIT-JEE 2005) 


Solution 


(a) From the given data, it is observed that ft, of the X 
is constant, that is, 100 min. So, the order of the 
reaction is 1. 


0.693 _ 0.693 
ty, 100 


(c) Time taken for 75% completion of reaction t= 2 Xt,,. 
= 2x 100 = 200 min. 


The reaction can be represented as 


(b) Rate constant (k) 6.93107 min” 


(d) 


2X(g) > 3Y(g) + 22Z(g) 
Initial pressure 800 0 0 
Pressure at time t 800—x (3/2)x x 


Given that 800 — x = 700 mm Hg, so x = 100 mm Hg 


Hence, the total pressure = 700 + 150 + 100 = 
950 mm Hg. 


Solved Example 12-35 | 


The half-life of a radioactive isotope is 3.0 h. What mass 
of it remains undecayed in 15 h if the initial mass of the 
isotope was 100 g? 


Solution 


Given that ¢,,, = 3.0 h, so k = 0.693/3 = 0.231 h''. Also, 
given that a = 100 g. Therefore, using first order kinetics, 
we have 


kt = 2.308109) 
a-Xx 


Substituting values, we get 


15= 2589 100 
0.231 °\100-x 


ro log 100 )- So 1.5045 
100 -—x 2.303 
or ( ny = antilog(1.5045) = 31.95 
100 —x 


or Ge p96 87 g 
31.95 


Solved Example | 12-36 | 


In an ore containing uranium, the ratio of **U to *°Pb 
nuclei is 3. Calculate the age of the ore, assuming that all 
the lead present in the ore is the final stable product of 
°°8U, The half-life of **U is 4.5 x 10° years. 


Solution 


The radioactive decay follows first order kinetics. Here, 
we take [A], = N, and [A], = N, and k = A. The first order 
rate equation for radioactive decay is: 


N 
At = 2.303 log —* 
N, 
where A the decay constant or distingeration constant = 
0.693/t,.; Ny = initial nuclei (i.e., at f = 0); N, = nuclei at 
t=t. For the radioactive reaction, we have 


N, =x 0 
N,=X-y y 


t 


Therefore, —= 


We use the expression Af = 2.303 log,, —*_. Given that 
(x — y)/y =3, so ay 
“-1=35~=452 ae sae! ed oe 
y x 4 x 4 
Substituting, we get 
_ 2.303 


0.693 


x-y 3 


t x4.5x10" log,, ; = 1.85x10° years 
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Solved Example | 12-37 | 


During nuclear explosion, one of the products is "Sr with 
half-life of 28.1 years. If 1 ug of “Sr was absorbed in the 
bones of a newly born baby instead of calcium, how much 
of it will remain after 10 years and 60 years if it is not lost 
metabolically? 


Solution 


The half-life of Sr is ¢,,, =28.1 years. Given that the initial 
amount of ”’Sr absorbed, a= 1 ug; we need to calculate the 
final amount of ”’Sr left in the body a,= ? For the reaction, 


6.93 0.693 2.303, a 
= = k =—— log— 


Lis ~ 28.1years t a, 


(a) Time t= 10 years, then 


0.693 2.303 1 lug 
28.lyears 10 years a, 
ip NE ONO oi 196 
a, 28.1 x 2.303 a, 
lug 
=———- = 0.78 
. “© 71.2796 ne 
(b) Time t= 60 years, then 
f 2. 
0.693 _ 303 ios lug sige 1 ug 
28.1 60 a, a, 
_ 0.693x60 _ 9 6495 
28.1 x 2.303 


So, lug =43954 = lug = 0.228ug 
4.39 


t 


Solved Example | 12-38 | 


The half-life of first order decomposition of nitramide is 
2.1 hat 15°C. 


NH,NO,(s) > N,O(g) + H,O(1) 


If 6.2 g of NH,NO, is allowed to decompose, calculate 

(a) time taken for NH,NO, to decompose 99% and 

(b) volume of dry N,O produced at this point measured 
at STP. 


Solution 


For a first order reaction, rate constant expression is 


k= 2S gi where k = 


t [A] 


0.693 0.693 


Be ed 


and [A], =0.001 mol L™. The initial moles of nitramide is 


a 0.1 mol L 


[AL = 


and time is 


2.303 x 2.1 0.1 
= log 
0.693 0.001 


Since, the decomposition is 99%, so 99% of the initial 
moles of NH,NO, would be converted to N,O. 


= 13.95 h 


0.199 
100 


Volume of N,O at STP = 


Moles of N,O= 


0.1x99 x 22.4 
100 


=2.217 L 


12.11 | DERIVATION OF RATE LAWS FOR COMPLEX REACTIONS USING 
INTEGRATED RATE EQUATIONS 


Consecutive or Sequential Reactions 


These reactions proceed from reactants to final products through one or more intermediate stages. The overall reac- 


tion is a result of several successive or consecutive steps. 


A—>B—25C 


If the rate of reactions is k, and k,, then the reaction rate is 


dA] 
dt 


q{C] 
dt 
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The integrated rate equation for [A] is 


[A]=[A]e™" 
Now, dB = 
Tel [Abe ~keLB] 
The solution of this equation is 
k 
[B]=——IAhte =e) 
k, ~ k, ° 
Since by mass balance, [C] = [A], — [B] — [A], so 
[C] = [A] 1 k, (e% e*') e ht 
: k, > k, 


Note: Steady state approximation implies that the steady state has been achieved and there is no further change in 
the activity of the species on which this approximation is applied. In the following reaction 


If we apply steady state approximation for B, then 


oO 0 = KLAI-4 1B) 


dt 
Therefore, 
k k 
B ee! | A = 1 A —kyt —kyt 
[B]= L1AI= Able" -e*) 
Then 
d B -kt —Kyt 
@) 9 ke“ -(-k,)e™ 
Ky olki-ka 


1 


Therefore, the time at which concentration of B is the maximum is given by 
_ In(k, /k,) 
= (k, ~ k,) 


Case 1: When k, > k,: In this case, we can observe that the reaction A—“-B occurs first and goes nearly to com- 
pletion before the reaction B—*->C takes place. Thus, nearly all the A is converted to the intermediate 
B before any appreciable conversion of B to C occurs. Thus, 


[B]=[A],(e* -e*") 


Since k, >> k,,the second term in the parentheses rapidly approaches zero while the first term is still near unity. 
Consequently, the concentration of the intermediate B rapidly reaches a value nearly equal to [A], and then 
duringmost of thereaction,B decaysslowly according to the equation[B]=[A],e“" .Theexactsolutionfork,= 
10 k, is shown in Fig. 12.6(a). 
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Case 2: When k, > k,: In this case concentration of B is given as 


[B]==[A],(e -e*") 
k, 
Since k, > k,, the second term in the parentheses rapidly approaches zero while the first term is still near unity. 


Consequently, the concentration of B rapidly approaches 7 Ah and then decays more slowly according to 
2 


Since, k,/k, is very small, the maximum concentration of B is much less than [A],. Figure 12.6(b) shows the 
exact concentrations for k, = 10k, 


127 
= OO ye ct 
< aor = ek - 
& . gE 
s [Cl], S og k 
, =e = E> 
® ® E 
2 £045 
[o) [o) L 
S) - S) E 
= 0.2 
ian l 1 Sil 0.0 cA bier Tater seers oe ae 1 
15 20 25 3.0 0 0.5 1.0 15 20 25 3.0 
Time Time 


Figure 12.6 Concentrations in a consecutive reaction when (a) k, = 10k, and (b) k, = 10k,. 
Some examples of consecutive reactions are: 
1. The pyrolysis of acetone 


(CH,),CO > CH, +CH, =C =O 
Ketene 
CH, =C=O-—-C,H,+CO 


2. Decomposition of ethylene oxide 


(CH, ),0—*»CH,CHO 
CH,CHO—£>CO+CH, 


Solved Example 12-39 


For the reaction Ane pe find the t= as In Kates : n ae 15In3 
time at which concentration of B is maximum. Also, find the k,-k, k, 01-130 1/30 
concentration of A, B and C at this instant.Take [A],=1M. he concentration of A at that time is 

Solution [A]j-tsins =[A]e“" =1xe0r"? 

The time at which [B] is maximum is = eG) 315 = 1 M 


33 


https://telegram.me/unacademyplusdiscounts 


slanram M)Inaradamuynistedierniinte 
elegram @Munacadgemypilusaiscounts 


Chapter 12 | Chemical Kinetics 


When [B] is maximum, Also [A]+[B]+[C]=[A]), so 
d[B 
[A] = bl Blan( 2-0} i i, 4 
dt [C]=1 =1 M 
3V3 V3 3v3 

1 1 1 Thus, the reaction can be represented as 
or PE mu aeons 0d ree 

10 3V3 30 


k,=0.1 st ky =1/30 st 
A—— B= -¢, 


Parallel Reactions 


In these reactions, some side reactions take place leading to the formation of some byproducts along with the main 
product. These reactions can be explained as follows: 


ALB 


Ae 


L=»+»C 


k, 


The reactant A reacts to give products B and C separately by following two different reaction pathways involving dif- 
ferent rate constants k,, k,, respectively. 


Then: 


% age of B= ky x 100 % age of C= k x 100 
k, +k, k, +k, 


Ifk, > k, then A > B is the main reaction and A > C is the side reaction. The reactions AB and AC, with rate 
constants k, and k, will have rate equations 


qf A] _ a[B] _ d[C] _ 
a dt =k [A] dt =k,[A] 


Thus, the disappearance of A will be of first order, and on the basis of the earlier discussion of first order reactions 
we can derive equations for the concentrations of B and C as functions of time as they are produced in the parallel 
reactions. 


We can write [A] =[A],e “2 
The rate equation for B is +l =k,[A]=k,[A],e“"” 


-k, [A], ek +k)t 


= + constant 
(k, +k) 


Integration yields [B] 


If [B] =0 at t=0, the constant is k,[A],/(k, + k,) and 
[B] k, [A], 


= [1—e te] 
(k, +k,) 


Thus, the fraction of A that is converted to at infinite time is k, (k, + k,). At any time the sum of [A], [B] and [C] must 
be equal to the total concentration of A at the beginning, [A],. Consequently, if [C], =0, then 


le k,[A], J—e ithe 
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It is apparent from these equations that the ratio of the concentrations of B 
and C is always given by k,/k,, which is referred to as the branching ratio. 
Thus, both B and C rise exponentially with a rate constant equal to [k, + k,], 
as shown in Fig. 12.7. 
The reason for this behavior is that the rates of production of both B 


0.8 


Concerntration [A], 
fo) 
[e>) 


and C depend on the concentration of A, which decreases exponentially with E weeeetrstee [B], 
a rate constant equal to the sum [k, + k,].The ratio of products, called the J 
branching ratio, is at all times. sea ee eae [C], 
ne 
[5] 2 Ba atid ! 
= 0.0 | oe eS SS i oe ae i | A SB Ef 
[C] k, 0) 2 4 6 8 10 


Time 


Figure 12.7 Concentrations are 


Thus, while the magnitude of [B] relative to [C] is constant and not generally efunetion of aimetershe parallel 


unity, the rate constant [k, + k,] with which each concentration approaches its 


final value is the same for both [B] and [C]. ian 
Some examples of parallel reactions are: 

1. Dehydration of 2-methyl-2-butanol: 

CH; 
er | 
CH, CH; — C=CH — CH; 
| 2-Methyl-2-butene 
H,C — C —CH, — CH; ———+ 
| CH, 
OH | 
2-Methyl-2-butanol CH;=C—CH, — CH, 
2-Methyl-1-butene 
2. Nitration of phenol: 
OH 
NO, 
(Main) 
OH 
(Side) 

Solved Example 

Consider the following reaction path followed by A: Calculate [C] after 3 h of the reaction if [A],=0.01 mol L". 
k, Also given that k, = 2.0 x 10° s' and k,=4.0x 10° s™. 


-————> B 
A 
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Solution 

6x10° x3x 60 x60 = jig an 
The rate constant for the reaction is k = k, + k, = 2.0 x [A], [A], 
10° + 4.0 x 10° = 6.0 x 10° s“". From first order kinetics, = antilog(0.2814) = 1.91 
we have 


or [A], = 0.13 M. Therefore, the amount of [A] decom- 
posed = [A], — [A], = 0.25 — 0.13 = 0.12 M 


kt = 2.303log [Al Thus, fraction of C formed is 
‘ k 1 4x10° 
Substituting values, we get k, ze rm x[A](decomposed) x ce 0.12 6x10> 
=8x10°M 


Solved Example 12-41 | 


A radioactive isotope A undergoes simultaneous decay Let after time ¢, [C] = 2[A] and [B] = x%. Thus, the reac- 


to yield B and C nuclei as shown: tion can be represented as 
k 
ge (4p =9h) A(100 —3x) —1 BG) 
—~ 3x) 
Assuming that initially neither B nor C was present, after = 
how many hours will the amount of C be just double to Tuspwgneve [Cla lase 
the amount of A remaining? 2x = 2(100-3x) > x =25 
F Now, for first order kinetics, we have 
Solution 
From the given reaction, we have t,,, of B = 2t,,, of C, which a Ce In2 In 100 = 23 = 100 _ 4 
means that C is formed at twice the rate of formation of a-Xx 3 100 — 3x 25 
B. The rate constant for the decay of A is ; 
Therefore, —=2>t=6h 
eae 0.693 0.693 _ 0.693 3 


+ 
9 4.5 3 


Reversible or Opposing Reactions 


The reactions in which the products of chemical change react together to form the original reactants are called revers- 
ible reactions. These are also called opposing or counter reactions. Let us consider a reversible reaction in which both 
forward and backward reactions are of first order. 
A=—=B 
b 


The differential rate law for the reaction is 


= =k,[A]-k,[B] (12.39) 


If the initial concentrations of A and B are [A], and [B],, respectively, then [A] = [A], — x and [B] =[B], — x, where x is 
the concentration of A that has reacted to B at any time. Rewriting Eq. (12.39), we get 
dx 
ae eh —x)-k,([B], +x) 
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However, since A,, = [A], — x,, and B,, = [B], + x,, where A,, and B., are equilibrium concentrations, we can rewrite 
by substituting for [A], and [B],. 


dx 
ae kK (Ag +X oq =2)-k (Ba ~Xeg +X) = (ki; A.g —k,B + Kee (Fog =) +h, hy —x)=(k; +k) (Xeq 2) 


For this last equality we have used the fact that k,A,, = k,B.,. Rearrangement gives 


dx 


——— = (k, +k,) dt 
(Xeq—) 
. . x. —x 
Integrating both sides, we get —In—+— = (k, +k,)t 
CT = . xX. 7x AS 
Exponentiating both sides gives —In—+— = (k, +k, )t 
S 1 1 1 
or x=X,,{1—exp[- (k,+,)t]} B bases : geese eaten eseneeees: 
After subtracting both sides from [A],, [A]=A,, +x,, exp[-(k, + k,) 4] [B],} x, 
Thus [A] starts at A,, + x,,=[A], and decreases to A., exponentially with a rate (BI. |---- eat 

constant equal to the sum of the forward and reverse rates. Similarly, [B] starts at : “ae 


B., — Xeq= [B], and increases to B,, exponentially with the same rate constant. These 
relationships are shown in Fig. 12.8. Time 
Some examples of opposing reactions are: 


. oe Les Figure 12.8 Concentrations 
1. Dissociation of hydrogen iodide in gas phase: 2HI(g) = H,(g)+1,(g) sree function of time for 


2. Reaction between CO and NO, gases: CO(g) + NO, (g) a CO,(g) +NO,(g) opposing reactions. 


Solved Example 12-42 | 


For a reversible first order reaction, A= =5 where Substituting given values, we get 


k,=10°s"‘ and B,,/A,,=4. If [A],=0.01 mol L“ and [B],= 107 x 


0 mol L", what will be concentration of B after 30 s? “ 


~—k, ~ (0.01-x,, 


Sollnien which gives k, =2.5 x 10° s"' and x,, = 0.008 mol L™. Now, 


For the reaction AB, we have to calculate the concentration of [B] after 30 s, we use the 
, following expression: 


__ 2.303 Xeg 
A — B eth Bx 
Initial moles 0.01 0 
Moles at equilibrium 0.01-x,, x, 


Given that [B],=0,so [B]=[B],-x=x mol L". Substituting 


" values, we get 


Now, the equilibrium constant is 2.303 0.008 
= fe) 
a 125x107" 0.008—x 
© Ag ky [Al —%eq or ae antilog(0.1628) = 1.455 
0.008 — x 


Solving, we get x =[B] =2.50 x 10° mol L™. 
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12.12 | DETERMINATION OF ORDER OF SIMPLE REACTIONS - 
EXPERIMENTAL METHODS 


For reactions involving single reactants, the order can be determined by measuring experimentally the amount of 
substance reacted or left at different time intervals. These values are substituted in integrated rate law equations for 
different orders. The equation which gives constant value of rate constant gives the order of reaction. This method is 
known as integration method. Apart from this hit and trial method, different experimental methods are used for the 
determination of order of a reaction and these are described as follows. 


1. Initial rate method: This method can be used irrespective of the number of reactants involved. For example, con- 
sider the reaction 


n,A+n,B+n,C > Products 


The method involves finding the initial rate of reaction by taking known concentrations of the different reactants. 
Now, the concentrations of one of the reactants is changed (say that of A) keeping the concentrations of other 
reactants (B and C) same as before. The initial rate of the reaction is determined again. This gives the rate expres- 
sion with respect to A and hence the order with respect to A. The experiment is repeated by changing the concen- 
tration of B and taking the same concentrations of A and C and finally changing the concentration of C and taking 
the same concentrations of A and B. These will give rate expressions w.r.t. B and C, and hence the orders w.r.t. B 
and C, respectively. Combining the different rate expressions, the overall rate expression and hence overall order 
can be obtained. 

Suppose the order of the above reaction with respect to A, B and Care x, y and z, respectively. Then the rate is 
given by Rate = k[A]"[B]’[CJ’. Starting with two different initial concentrations of A, keeping the concentrations 
of B and C constant, the initial rates of the reaction are determined as 


(4), =A[A i TBPICF and (%), =k[A,;[BPIC} 
Therefore, we have 


(%)1 _[Aoli _ [Al 1 (%)i _ 1 [Ag = log[(%):/(%)2] 
(7). Aol: (fash en), LAgh  log[Ayh [Ach] 


This is the order with respect to A. Similarly, order with respect to B and C can be determined. On adding, we get 
the overall order of the reaction (=x + y+ z). 

2. Graphical method: Consider a zero order reaction of the type A > Products. Let a be the initial concentration of 
the reactant and x be the concentration that is consumed at time ¢. Then the concentration of the reactant at ¢ is 
a-—x. The rate equation is therefore, 


dx 

—=k(a-x) =k 

a a. 

If the reaction is of first order, the rate of reaction is given by Eq. (12.40) and if it is of second order then it is given 


by Eq. (12.41) 


ans (2.40) 
dx 3 
ane k(a—x) (12.41) 


Now, if the plot of log (a — x) vs. t is a straight line, the reaction follows first order. If the plot of 1/(a—x).tisa 
straight line, the reaction follows second order. In general, for a reaction of nth order, a graph of 1/(a — x)"" vs. t 
must be a straight line. 
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3. van’t Hoff differential method: We have learnt that, the rate of reaction varies as the nth power of the concentra- 
tion of the reactant where n is the order of the reaction. Thus, for two different initial concentrations A, and A,, 
equations can be written in the form 


=k =kC" and a =kC? 
dt dt 
: : -dA, 
Taking logarithms, we get logo aaa =log,,k+nlog,, A, (12.42) 
and logio (== }-108, k+nlog,, A, (12.43) 


Subtracting Eq. (12.42) from Eq. (12.43), we get 


-dA -dA 
log[ a +) lot di ; }=nGoe, A, —log,) A) 


lo (=) lo (== 
S10 di S10 ay 


(log,, A, 7 log, A,) 


or n= 


where —dA,/dt and —dA,/dt are determined from concentration vs. time graphs and the value of n can be obtained. 
4. Half-life method: For the same reaction, the half-lives are determined at two different concentrations and related 
to the order of reaction. 


12.13 | EFFECT OF TEMPERATURE - ARRHENIUS THEORY 


As the temperature increases, the molecules move faster and therefore collide more frequently. The molecules also 
have more average kinetic energy at higher temperature. The reaction rate increases by a factor of about 2 or 3 for 
each 10°C increase in temperature, although the actual amount of increase differs from one reaction to the other. Here, 
we introduce the term temperature coefficient which is defined as the ratio of rate constants measured at different 
temperatures 7, and 7, where T, — T, = 10°C. Mathematically, we have 


Rate constant at T, _ ‘;, 


Temperature coefficient = = 
’ (20) Rate constant at 7, k;, 


The value of temperature coefficient is nearly 2 although in some cases it approaches even 3. For example, the tem- 


perature coefficients for dissociation of HI, and for the reaction between methyl iodide and sodium ethoxide are 1.8 
and 2.9, respectively. 


2 HI-> H,+1, 
CH,I + C,H,ONa — CH,OC,H, + Nal 


Further, greater the difference in temperature, greater will be the difference in reaction rates. For example, increase of 
160°C in temperature during the decomposition of acetaldehyde increases the reaction rate 453 times. 
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Activated Complex Theory and Concept of Activation Energy 


In a given sample of gas, all the molecules do not possess similar velocity 
and hence kinetic energy. In fact, at a given temperature there is a definite 
distribution of velocities or kinetic energies amongst the various molecules 
of gas. At low temperature (say T,), only a small part of the molecules has 
very low kinetic energy. Another small part has very high kinetic energy and 
a larger part has intermediate kinetic energy. Further, as the temperature is 
increased, from 7; to T,, energy re-distribution takes place. More number of 
molecules acquire high kinetic energy Fig. 12.9. The excess energy acquired 


A 
Number of 
molecules 


@unacademyplusdiscounts 


by the real reacting molecules is known as activation energy (£,), that is, 


Activation energy = Threshold energy 


— Actual energy possessed by molecules 


Figure 12.9 Energy distribution 
curve for a reaction at two different 
temperatures. 


Thus according to activation energy concept, non-active molecules (having 

energy less than the threshold energy) can be activated by absorption of extra energy, known as the activation energy. 
According to Arrhenius theory, for a reaction to take place, the reacting molecules must collide to form an intermedi- 

ate complex which is unstable and breaks up to form the products. This intermediate complex is known as the activated 

complex and the energy required to form this complex is called the activation energy. Consider the following reaction: 


AC+BD- AB+CD 


The two reactants join to form the intermediate complex as shown in Fig. 12.10, which then dissociates to form the products. 


(Activated complex) 


A B Aveeen B A——B 
1 1 
: —% FY © es ' 
1 1 
C D news D Cc D 
Reactants Transition-state complex Products 


Figure 12.10 Formation of transition-state complex. 


In other words, the reactant species have to acquire a cer- 
tain amount of energy before they can react to yield prod- 
ucts, that is, there is an energy barrier which must be crossed 
over by the reactants to be converted into the products. 
This energy barrier determines the magnitude of threshold 
energy which reactant molecules must acquire before they 
can yield products (Fig. 12.11). 

When the energy of products is less than that of the 
reactants, the reaction is exothermic and thus AH will be 
negative [Fig. 12.12(a)]. The reaction is endothermic when 
energy of products is less than that of reactants and AH is 
positive [Fig. 12.12(b)]. 

Different reactions have different amount of activa- 
tion energy. A reaction which has higher activation energy 
is slow at ordinary temperatures while the reaction, having 
lower activation energy will proceed at a faster rate at a 
given temperature. Thus the difference in activation energy 
is mainly responsible for observed difference in rates of 
reactions. From Fig. 12.12, we have the following 


Activated complex 


Transition 
State 


Products 


} 0- 


30--@ 


Reactants 


Potential energy 


Reaction coordinate 


Figure 12.11 Energy barrier in chemical reactions. 


1. The threshold energy E,,= FE, + E, where E, is the energy of the reactant. 


2. Ey Fe toa cenidy a AH 


forward) => 
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3. For exothermic reaction, EF. gonvaray — AA = Ena packward) 


4. For endothermic reaction, AH = E E 


a(forward)  *~a(backward) 


E, for forward 
reaction 


E, for backward 
reaction 


A F A Activated 
Energy Activated &, for forward Energy complex 
complex reaction Ee 
peel aia ees pat 
E, for backward 
reaction 
eee ew eee ele Product | AH 
fan Reactent| |p Reactant 
aN YA vo 
Product 


Reaction coordinate 
(a) Exothermic 


Reaction coordinate 
(b) Endothermic 


Figure 12.12 Energy profile for (a) exothermic reaction and (b) endothermic reaction 


-d(AH)_ 1 
dT 


it 


RT- 


Arrhenius Equation and Calculation of Activation Energy 


In 1889, Svante Arrhenius suggested that the relationship between temperature and the rate constant for a reaction 


obeyed the following equation: 


ba Aee 


(12.44) 


In this equation, k is the rate constant for the reaction and A is a proportionality constant that is known as Arrhenius 
factor or frequency factor. It is also called pre-exponential factor and is specific for a reaction. R is the ideal gas 
constant in joules per mole kelvin (J mol K”), ¢ is the base of natural logarithms, E, is the activation energy for the 
reaction and Tis the temperature in kelvins. For a given A and T, the rate constant k is therefore determined by E,. 


Calculation of Activation Energy 


The activation energy can be determined graphically. Equation (12.44) is normally used in its logarithmic form. If we 


take the natural logarithm of both sides, we obtain 


Ink =InA- an 
RT 


Let us rewrite the equation as 


Ink = na-(2 }(7) 

R Le 
We know that the rate constant k varies with the temperature T, which also means 
that the quantity In & varies with the quantity (1/T). These two quantities, namely, 


In k and 1/T, are variables, so Eq. (12.45) is in the form of an equation for a straight 
line. 


(12.45) 


sa - ee a x (1/T) 
yu CA om x 


To determine the activation energy, we can make a graph of In k vs. 1/7. The graph 
is a straight line whose slope = —E,/R and intercept = In A (Fig. 12.13). 
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Figure 12.13 Arrhenius plot 
of In k (rate constant) vs. 1/T 
(temperature). 
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The activation energy can be calculated from rate constants measured at two temperatures. If the activation 
energy and the rate constant at a particular temperature are known, the rate constant at another temperature can be 
calculated using a relationship, which can be derived from Eq. (12.44) as follows. 


At temperature 7,, the Arrhenius equation can be written as 


E 
Ink, =-—++InA 
RT, 


1 


E 
Similarly at temperature T,, the equation is Ink, = — a +InA 


2 


Here k, and k, are the values of rate constant at temperatures 7, and T,, respectively. Subtracting both the equations, 
we get 


Ink, —Ink, = Bic, 
: RT, RT, 
k, E,{1 1 k E{f1 1 
In— = —|}—-—] or In—= 
k, R(T, fT, k, RT, Tf, 
It can also be given by log cE eee ce or log pee ee (12.46) 
eo Date(s 70 fe FSI 


This equation can also be used to calculate the activation energy from rate constants measured at two different 
temperatures. 


Solved Example 12-43 | 


A first order reaction is 50% completed in 20 min at At T,=77°C=305 K;t,, =5 min. Therefore, 
27°C; the same reaction is 50% complete in 5 min at 77°C. 


Calculate the activation energy of the reaction. k,= woes 0.1386 min* 
Solution The activation energy is related to rate constants at two 
For first order reaction, half-life period is given by pic rent semper bythe auadon 
vee k 
E, = 2.303 kx —+— x log + 
— 0.693 ae 0.693 : r-T 2 k, 
k hip . . . . 
Substituting values in the equation, we get 
Given that at 7, = 27°C = 300 K;1t,,, = 20 min. Therefore, 
1 12 E, = 7.303 x8.314 x 200x359 geo 
350-300 0.0346 
0.693 at 
a ee = 19.147 x 2100 x log 4 = 24205.63 Jmol 


= 24.205 kJ mol 


Solved Example 12-44 | 


The rate of reaction becomes three times when the Solution 
temperature is changed from 298 K to 358 K. Calculate 
the energy of activation of reaction. Given R = 8.314 J 
K"mol!". ke. £ (Rat 
log—= 
k, 2.303R\ TT, 
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According to Arrhenius equation 


Substituting the given values in the equation, we get 


log3= 


298 x 358 


E ( 358 — 298 
2.303 x8.314J K™ mol 


12.13 | Effect of Temperature — Arrhenius Theory 


Hence, 
E, =10g3x2.303x8.314J K7 mol x _— 


= 16243.35 Jmol = 16.243 kJ mol 


Solved Example 12-45 | 


The rate constant for the first order decomposition of a 
certain reaction is given by the equation, 


1.25x10* 
T 


Ink =14.34- 


Calculate (a) the energy of activation, (b) the rate con- 
stant at 500 K and (c) at what temperature will its half-life 
period be 256 min? (IIT-JEE 1997) 
Solution 

From the Arrhenius equation, we have 


E 
] k=l Aa 
Oe OO 5 3038RT 


The given expression is 


1.25x10* 


4 
Ink = 14.34-——~— = logk = aa ul 


T5303 33087 


Comparing the two equations, we get 


(a) — 1.25104 
2.303R 


or E, =1.25x10* x2.303x 8.314 = 2.393 x 10° J 


(b) When T=500 K, we get 


1.25x10* 
500 


Ink = 14.34- =14.34-25 = -10.66 


Therefore, k =e =2.35x10> s7 


(c) When ¢,,, = 256 min, rate constant is 


_ 0.693 0.693 
ty, 25660 


Substituting in the given expression, we get 


k = 4,51x10° s 


4 
In(4.51x 10°) =1434——2*10" 


1.25x10* 


=——— _=513.4K 
14.34 + 10.0066 


or 


Solved Example 12-46 | 


For the decomposition of dimethyl ether, A in the 
Arrhenius equation k = Ae“*'*" has a value of 126 x 10” 
and E, value 58.5 kcal. Calculate the half-life period for 
first order decomposition at 527°C. 


Solution 


Taking logarithm of Arrhenius equation, we get 


E 
a ee 
08 N08 5 303RT 


Substituting A = 1.26 x 10”, E,=58.5 kcal, T= 527 + 273 = 
800 K and R = 1.987 cal in the above equation, we get 


58.5x 10° 


2.303 x 1.987 x 800 
= 13.1003 — 15.9799 = —2.8796 


log k = log(1.26 x10") 


Therefore, we get k = 1.32 x 10° s™ and so 
ty = 0.693 (1.32 x 10%) = 525s, 


Solved Example 12-47 


On the top of a certain mountain, the atmospheric pres- 
sure is 0.7 atm and pure water boils at 363 K. A climber 
finds that it takes 300 min to boil an egg as against 3 min 


at 373 K. Calculate (a) ratio of rate constants at 373 K and 
363 K, (b) energy of activation for the reaction when egg 
boiled. Assume Arrhenius factor be same. 
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Solution . 
Ge icnew aided Raton. Now, from Arrhenius expression, we have loe{ ©) = 
E T, -T, arr 
: . Substituting values, we get 
30 (1) 2.303R\ TT, 
k63 
3 E _ 
1 108(100) = 5 503x2 & aa) 
sii (2) sacks a 
Ky, 2 x 2.303 x2 x 373 x 363 
or E, = 10 
Dividing Eq. (2) by Eq. (1), we get 
= 124729.5588 cal = 124.729 kcal 
Ky, = 100 
K 36g 


12.14 | EFFECT OF CATALYST 


A catalyst is a substance that changes the rate of a chemical reaction without itself being used up. In other words, all of 
the catalyst added at the start of a reaction is present chemically unchanged after the reaction has gone to completion. 
The action caused by a catalyst is called catalysis. The action of a catalyst can be explained on the basis of intermediate 
complex theory, according to which the catalyst reacts with the reactants to form a complex that is transitory in nature 
and breaks down to give the products; and catalyst is regenerated. 

For example, aqueous solutions of hydrogen peroxide are stable until we add a small quantity of the I ion, a piece 
of platinum metal, a few drops of blood, or a freshly cut slice of turnip, at which point the hydrogen peroxide rapidly 
decomposes. 


2H,O, (aq) > 2H, O(1) + O,(g) 


This reaction, therefore, provides the basis for understanding the effect of a catalyst on the rate of a chemical reaction. 

Although the catalyst is not part of the overall reaction, it does participate in the reaction by changing the mecha- 
nism of the reaction. The catalyst provides a path to the products that has a rate-determining step with a lower activa- 
tion energy than that of the uncatalyzed reaction as shown in Fig. 12.14(a). A larger proportion of the collisions that 
occur between reactants now have enough energy to overcome the activation energy for the reaction, as shown in 
Fig. 12.14(b). As a result, the rate of reaction increases. Negative catalyst or poison decreases the rate of reaction due 
to increase in activation energy of the reaction, as shown in Fig 12.14(c). 


> 


wn 
E, without a catalyst = S E, in persence of a 
3 2 negative catalyst 
= E, with a catalyst ie o 
5 2 
5 a S E, without a catalyst 
iT Reactants_/ = 5 ° 
8 o 
= ® 
AH" > S Products 
— _ _ X. _ Products 2 
> . + 
Reaction coordinate E, catalyzed _E, uncatalyzed Reaction coordinate 
(a) Kinetic energy 


(b) (c) 


Figure 12.14 (a) A catalyst increases the rate of a reaction by providing an alternative mechanism having smaller 
activation energy. (b) Adding a catalyst decreases the activation energy for a reaction. (c) Effect of negative catalyst. 
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To illustrate how a catalyst can decrease the activation energy for a reaction by providing another pathway for the 
reaction, let us look again at the mechanism for the decomposition of hydrogen peroxide catalyzed by the I ion. In 
the presence of the I ion, the decomposition of H,O, does not have to occur in a single step. It can occur in two steps, 
both of which are easier and, therefore, faster than the uncatalyzed reaction. In the first step, the I ion is oxidized by 
H,O, to form the hypoiodite ion, OF. 


H,0,(aq)+T (aq) > H,O() + OF (aq) 
In the second step, the OI ion is reduced to I by H,O,. 
OF (aq) + H,0,(aq) > H,0(1) +O, (g)+F (aq) 


Since there is no net change in the concentration of the I ion as a result of these reactions, the I ion satisfies the cri- 
teria for a catalyst. Because H,O, and I are both involved in the first step in the reaction, and because the first step in 
the reaction is the rate-limiting step, the overall rate of reaction is first order in both reagents. Also, as the OI ion 
produced in the first step is consumed in the second step, it does not appear in the rate law for the reaction or as one 
of the products of the reaction. 


The effect of several catalysts on the activation Table 12.3 Effect of catalysts on the activation energy 


energy for the decomposition of hydrogen peroxide for the decomposition of hydrogen peroxide. 
and the relative rate of the reaction are summarized 


ea . . 
in Table 12.3. Adding a source of I ion to the solution Eatalyst Euklimels) SSMU TEU eu te ioulein 
decreases the activation energy by 25%, which increases None 75.3 1 
the rate of the reaction by a factor of 2000. A piece of =I 56.5 2.0 x 10° 
platinum metal decreases the activation energy even py 49.0 41x 10° 
further, thereby increasing the rate of reaction by a fac- 

: : tal 8 ; ‘ 
tor of 40,000. The catalase enzyme in blood or turnips oes esas 
decreases the activation energy by almost a factor of 10, 
which leads to a 600-billion-fold increase in the rate of 
reaction. 
Solved Example 
Why is AH for a reaction unaffected by a catalyst? function and independent of the path of the reaction, it 
remains unaffected by a catalyst. 
Solution 


A catalyst alters the path of the reaction but does not 
affect the reactants or products. Since AH is a state 


Solved Example 12-49 


Assume that the activation energy was measured for both Solution 

the forward (E, = 120 kJ mol ’) and pa (E,=185 kJ The activation energy of the forward reaction is reduced 
mol’) directions of a reversible reaction. What would be gon 185 kJ mol to 90 kJ mol on addition of a cata- 
the activation energy for the reverse reaction in the pres- 
ence of a catalyst that decreased the activation energy for 
the forward reaction to 90 kJ mol"? 


lyst. The activation energy of the forward reaction is thus 
lowered by 185 — 90 = 95 kJ mol". The activation energy 
of the backward reaction would also be lowered by the 
same amount (95 kJ mol"). Thus, the activation energy 
of the backward reaction in the presence of a catalyst is 
120 - 95 = 25 kJ mol”. 
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Solved Example 12-50] 


The activation energy of a non-catalyzed reaction at 1 Was 1 E _E 
37°C is 200 kcal mol” and the activation energy of °8 k... 2.303 aL atuneat) — Eaieas] 
the same reaction when catalyzed decreases to only ee 

60.0 kcal mol. Calculate the ratio of rate constants Substituting given values, we get 


uncat 


of the two reactions. k 1 
log —“- = (200 x 10° — 60 x 10°) 
Salusion Kineat 2-303 X 8.314 x 310 
: ‘ ‘ k ra 
The Arrhenius equation can be written as or log ~#- = 23,6 = 2 = 10 
| ee uncat 
Solved Example 12-511 | 
A hydrogenation reaction is carried out at 500 K. If the E E E rT A 
same reaction is carried out in presence of a catalyst at the Ae “8h = Ag falkh —, “al _ a aoa 


= = 
same rate, the temperature required is 400 K. Calculate RT, RT, Ey T, 5 


the activation energy of the reaction if the catalyst 
lowers the activation energy barrier by 20 kJ mol”. 
(IIT-JEE 2000) 


Given that E£,, = E,, +20 kJ. Substituting, we get 


E,= = E +20 => E,, = 100 kJ 
Solution 


Given that ko) = Ko, So We have 


Solved Example 12-52 


The energy of activation for a reaction is 100 kJ mol. So, ie e”®T —5 2.303 ioe es 
Presence of a catalyst lowers the energy of activation by 1 k, RT 
75 %.What will be effect on rate of reaction at 20°C, other k 75 
: : or 2.303 log = 
things being equal? k, 8.314x 10° x293 
Solution k, 75 
or logs = 3 

The Arrhenius equation is k = Ae“*'*". In the absence of 1 8.314x 10" x 293x 2.303 
catalyst, we have k 

k=Ag™ or - = 2.34x10" 
In presence of catalyst, we have : 

Reader As the things being equal in presence or absence of a 


catalyst. 


Solved Example 12-53 | 


The rate constant is given by Arrhenius equation: Solution 
k = Ae“'®", Calculate the ratio of the catalyzed and 
© . opie y : Let k,,, and k,n, be the rate constants for catalyzed and 
uncatalyzed rate constant at 25°C if the energy of activa- ana lured eeacusne 
tion of a catalyzed reaction is 162 kJ and for the uncata- y . 


lyzed reaction the value is 350 kJ. 3 
. 2.303 log k,, = 2.303 log A- ae (1) 
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350 x 10° k 10° 
d 2.303 log K,..a, = 2-303 log A -—-————_ 2 ] cal = 350-162 
an O8 Kencat og a (2) 8 3 308RT ( ) 
Subtracting Eq. (2) from Eq. (1), we get = 188 x 10° = 32,95 
2.303 x 8.314 x 298 
or Kou _ 9.9810" 


uncat 


12.15 | COLLISION THEORY 


Max Trautz in 1916 and William Lewis in 1918 proposed a theory known as collision theory to explain how chemical 
reactions occur and why at different rates. According to this theory, in a bimolecular reaction, two molecules should 
collide and acquire sufficient energy on collision to bring about the reaction. In fact molecules collide with each other, 
but all collisions are not sufficiently effective as few acquire activation energy. 

Anything that can increase the frequency of effective collisions should, therefore, increase the rate. One of the 
several factors that influence the number of effective collisions per second is concentration. As concentration of reac- 
tant increases, the number of collisions per second of all types, including effective collisions increases. Increasing the 
temperature also increases the number of collisions and hence the effective number of collisions. 

The number of collisions per second per unit volume of the reaction mixture is known as collision frequency (Z). 
Not every collision between reactant molecules actually results in a chemical change. We know this because the reac- 
tant atoms or molecules in a gas or in a liquid undergo an enormous number of collisions per second with each other. 
If every collision were effective, all reactions would be over in an instant. But only a very small fraction of all the colli- 
sions can really lead to a net change. 

In most of the reactions, when two reactant molecules collide they must be oriented correctly for a reaction to 
occur. For example, let us consider the reaction discussed earlier. 


2NO,Cl > 2NO, +Cl, 


Based on the equation, the reaction appears to proceed by a two-step mechanism. One step involves the collision of 
an NO,CI molecule with a chlorine atom. 


NO,Cl+Cl > NO, +Cl, 


The orientation of the NO,CI molecule when hit by the Cl atom is important (see Fig. 12.15). The poor orientation 
shown in Fig. 12.15(a) cannot result in the formation of Cl, because the two Cl atoms are not being brought close 
enough together for a new CI—Cl bond to form as an N—Cl bond breaks. Figure 12.15(b) shows the necessary orien- 
tation if the collision of NO,Cl and Cl is to effectively lead to products. 


The orientation of this 
collision cannot produce 
a Cl, molecule. 


(a) Before collision 


(b) Before collision Collision After a successful collison 


The orientation of this 
collision permits reaction 
and produces NO» and 
a Clo molecule. 


, Figure 12.15 Siicdesstal ond Gncdcceceral colleion Depreer NG cl miolecile and Cl atom. 
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Note: Only about one of every billion (10'°) collisions leads to a net chemical reaction. In each of the other collisions 
the reactant molecules just bounce off each other. 


In fact, molecules collide with each other, but all collisions are not sufficiently effective as only a few acquire activation 
energy. Thus, the rate of reaction can be related to number of collisions with proper orientation and sufficient kinetic 
energy. This minimum amount of kinetic energy which must be associated with molecules so that their mutual colli- 
sions to result in chemical reaction is called threshold energy. 


Activation energy = Threshold energy — Energy of colliding molecules 


Suppose Z is the number of molecules colliding per cm* per second in the reacting system containing 1 mol L" of 
reactant and q is the fraction of these that are activated, then reaction constant k of the reaction is given by 


k=Zq (12.47) 


According to kinetic theory of gases, for a gas containing only one kind of molecule, the number of colliding molecules 
per cm’ per second Z, is 


Z, = no°vV(n*)’ (12.48) 


where o is the molecular diameter, v the average molecular velocity in cm s' and n* the number of molecules per cm’. 
When two different molecules are involved, Z is taken to be Z,, and is given by 


2; 
Z,, =nin; SS ae (12.49) 


aes 


where o, and o, are the molecular diameters of the respective molecules, M, and M, their molecular masses, n; and n, 
the numbers of the respective molecules per cm’ at temperature T. 

From Maxwell distribution law for molecular rates, it can be deduced that, in any gas containing n* molecules 
per cm’ at a temperature 7, the number of molecules, n’, which will possess an energy E or higher is 


a (12.50) 
If E=E,, the energy of activation, the fraction of molecules activated in Eq. (12.50), can be given as 
n = pbaIRT _ Number of molecules activated 
n* Total number of molecules 


And this is equal to qg (fraction of these that are activated). Inserting g from Eq. (12.47), then, k becomes 
hee 2 @25) 


where Z is given by Eq. (12.48) for same type of molecules and by Eq. (12.49) for molecules of different type. Comparing 
with Arrhenius equation we can see that Arrhenius factor is related to collision frequency. 

The calculation of k, theoretically goes along with that of experimentally determined values in several gaseous reac- 
tions and solution phase reactions. Hence the theory is considered successful. However, there are many reactions of both 
in gas and solution phases, where the theoretical values are too high by the factors ranging from 10° onwards. For such 
reactions, a probability factor, P is introduced to allow the disparity between calculated and observed rate constants: 


k = PZe PRT (12.52) 


where P may have the values ranging from unity to 10”. It is also known as the steric factor and takes into account the 
proper orientation of the collision. 
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Limitation of Collision Theory 


The collision theory is applicable to simple gaseous reactions. The experimental rates of reactions between compli- 
cated molecules are found to be much smaller than the theoretically predicted rate. This discrepancy is explained by 
the fact that the complicated molecules are considered to be hard spheres with no internal energy. The spherical model 
ignores the dependence of the effectiveness of a collision on the orientation of the molecules colliding. Activation 
energy includes only translational motion neglecting rotational and vibrational motions. Hence this theory is applica- 
ble to reactions involving simple gas molecules. 


Solved Example 12-54 | 


What two factors influence the effectiveness of molecular Solution 


collisions in producing chemical change? : set ia : 
P g 8 The effectiveness of collisions is influenced by the orien- 


tation of the reactants and kinetic energy of the collision. 


Solved Example 12-55 | 


Which beaker has better chance of reactivity? Solution 


Beaker A: 10 mL beaker filled with 10 ml of a mixture. Beaker A. This is because the concentration is increased 
Beaker B: 20 mL beaker filled with 10 ml of the same with less space, thus giving the atoms a higher chance of 


mixture. having enough energy and hitting at the correct orientation. 


Rising Temperature Increases Reaction Rate 


The distribution of kinetic energy of the molecules may be 
obtained from the Maxwell—Boltzmann distribution curve 
which is a plot of fraction of molecules (N,/N,) with a 
given kinetic energy against the kinetic energy. Here N,, is 
the fraction of molecules with energy F and N, is the total 
number of molecules. The peak of the curve (Fig. 12.16) 
corresponds to the most probable velocity and hence the 
most probable kinetic energy. 

On the basis of collision theory and concept of activa- 
tion energy, we can now explain why the rate of a reaction 
increases so much with increasing temperature. We will 
use the two curves in Fig. 12.17, each corresponding to a 
different temperature for the same mixture of reactants. Figure 12.16 Most probable kinetic energy. 
Each curve is a plot of the different fractions of all colli- 
sions (vertical axis) that have particular values of kinetic energy of collision (horizontal axis). (The total area under a 
curve then represents the total number of collisions, because all of the fractions must add up to this total.) Notice what 
happens to the plots when the temperature is increased; the maximum point shifts to the right and the curve flattens 
somewhat. However, a modest increase in temperature generally does not affect the reaction’s activation energy. Within 
reason, the activation energy of a reaction is not affected by a change in temperature. In other words, as the curve flat- 
tens and shifts to the right with an increase in temperature, the value of E, stays the same. 


Most probable velocity 


Fraction of molecules (Ne/N7) 


Kinetic energy 


https://telegram.me/unacademyplusdiscounts 


Telegram @unacademyplusdiscounts 


Chapter 12 | Chemical Kinetics 


The sizes of the shaded areas under 
the curves are proportional to the 
total fractions of the collisions that 
involve the minimum activation 
energy or more. 


> 


T;, + 10°C 


Fraction of collisions 
with a given kinetic energy 


Kinetic energy 


Minimum kinetic energy 
needed for reaction to occur. 


Figure 12.17 Kinetic energy distributions for a reaction mixture at two different temperatures. 


The shaded areas under the curves in Fig. 12.17 represent the sum of all those fractions of the total collisions that 
equal or exceed the activation energy. This sum—we could call it the reacting fraction—is relatively much greater at 
the higher temperature than at the lower temperature because a significant fraction of the curve shifts beyond the 
activation energy in even a modest change to a higher temperature. In other words, at the higher temperature, a much 
greater fraction of the collisions occurring each second results in a chemical change, so the reactants disappear faster 
at the higher temperature. 


SOLVED OBJECTIVE QUESTIONS FROM PREVIOUS YEAR PAPERS 


3. Which of the following statements is incorrect about order 
of a reaction? 


1. If the concentration of a reactant decreases from 800 mol 
dm* to 50 mol dm® in 2 x 10° s in a first order reaction, the 


rate constant of the reaction would be 
(A) 2x 107s (B) 1.386x10°s 
(C) 3.45x 107s (D) 2x10°s 
(IIT-JEE 2003) 


Solution 
(B) For the first order reaction, we have 


pz 2.303 lo [A], _ ae ite 800 _ 1386x107 s 
t [A], 2x10 50 
. The compound A follows first order reaction: A — Products 
where the concentration of A, changes from 0.1 M to 
0.025 M in 40 min. Find the rate of reaction of A when con- 
centration of A is 0.01 M. 
(A) 3.47 x 107M min" 
(C) 1.73 x 10*M min" 


(B) 3.47x 10° M min? 
(D) 1.73 x 10° M min 
(IIT-JEE 2004) 


Solution 
(A) For first order reaction, 
2.303), [A,]_ (2.303 0.1M 
k= log —- = log 
t [A ] 40 0.025 M 
_ 2.303 ined 
40 
Now, Rate = k [A], so we have 


_ 2.303 x 0.6021 x 0.01 
40 


Rate =3.47x10* M min” 


R 
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(A) Order of a reaction can never be equal to zero or frac- 
tional value. 

(B) It is always determined experimentally. 

(C) It is equal to the molecularity of an elementary 
reaction. 

(D) It is sum of the powers of concentration terms in the 
differential rate law of a reaction. 

(IIT-JEE 2005) 


Solution 


(A) Equations of zero order are called zero order equa- 
tions, for example, photochemical reaction between 
H, and Cl. 


. Consider a reaction aG + bH — Products. When concen- 


tration of both the reactants G and H is doubled, the rate 
increases by eight times. However, when the concentra- 
tion of G is doubled keeping the concentration of H fixed, 
the rate is doubled. The overall order of the reaction is 


(AO (B) 1 
(C) 2 (D) 3 

(IIT-JEE 2007) 
Solution 


(D) aG + bH > Products. The rate is directly proportional 
to [G]” [H]" 
When concentration of both the reactants is doubled 
then, 
ate =[2G]"[2H]" =2”2"[G][H] 


Then the rate increases eight times which means either 
m=2thenn=1 orn=2 and m= 1. Again, it is given 
that when the concentration of G is doubled then rate 
is doubled which means that m= 1 and n = 2. And the 
overall order ism+n=2+1=3. 


5. Under the same reaction conditions, initial concentration 


of 1.386 mol dm® of a substance becomes half in 40 s and 
20 s through first order and zero order kinetics, respec- 
tively. Ratio (k,/k,) of the rate constants for first order (k,) 
and zero order (k,) of the reactions is 
(A) 0.5 mol" dm? (B) 1.0 mol dm™ 
(C) 1.5 mol dm* (D) 2.0 mol dm? 

(IIT-JEE 2008) 


Solution 


(A) Using half-life period method, 
For first order reaction, k,= 0.693/t,,, = 0.693/40 
For zero order reaction k, = [A],/2z,,, = 1.386/(2 x 20) 
Therefore, 


ky _ (0.693/40) _ 9 «or 
k, (40/1386) 


. Fora first order reaction A > P, the temperature (7) depend- 
ent rate constant (k) was found to follow the equation 


log k=- (2000) = + 6.0 


The pre-exponential factor A and activation energy E,, 
respectively, are 


(A) 1.0x10° s and 9.2 kJmol™ 
(B) 6.0s™ and 16.6 kJ mol™ 

(C) 1.0x10° s* and 16.6 kJmol™ 
(D) 1.0x10° s* and 38.3 kJmol™ 


(IIT-JEE 2009) 
Solution 
(D) Using Arrhenius theory, 
k= Ae*!*T (1) 
It is given that 
logk =6- a" (2) 


Also, logk = log A- sa 
2.303RT 


Comparing both Eqs. (1) and (2) and solving, we get 


52000 _ tog 4-4 
2.303RT 
log A=6 = A =antilog(6) = 10° s* 
E, _ 2000 
2.303RT TT. 


or E, = 2000 x 2.303 x 8.31 = 38.3. kJ molt 
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. Plots showing the variation of the rate constant (A) with 


temperature (T) are given below. The plot that follows 
Arrhenius equation is (IIT-JEE 2010) 


Ta (B) bl 


T T 
(© ' (D) * Pi 
T i: 


Solution 


-E,/RT 


(A) According to the Arrhenius equation k = Ae 
As temperature increases, rate constant (k) increases 
exponentially. 


. The concentration of R in the reaction R > P was meas- 


ured as a function of time and the following data are 
obtained: 


[R](molL") 1.0 0.75 040 0.10 
t (min) 0.0 0.05 012 0.18 


The order of the reaction is (IIT-JEE 2010) 


Solution 


(5) From zero order kinetics, k, = x/t = 0.25/0.05 = 5 and k, = 
x/t = 0.60/0.12 = 5. Since the rate constants are coming to 
be constant, so the reaction follows zero order kinetics. 


. For the first order reaction 


2N,0,(g) > 4NO,(g) + O,(g) 


(A) The concentration of the reactant decreases exponen- 
tially with time. 

(B) The half-life of the reaction decreases with increasing 
temperature. 

(C) The half-life of the reaction depends on the initial con- 
centration of the reactant. 

(D) The reaction proceeds to 99.6% completion in eight 
half-life direction. (IIT-JEE 2011) 


Solution 


(A, B,D) According to first order reaction, — d[N,O,]/dt = 
k[N,O,]. The half-life can be found as 


=(73 )o a 


a-x 


where a = 100 and a — x = 100 — 99.6 = 0.4. The half-life 
period for first order reaction is 

— In2 _ 0.693 

1/2 k k 
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10. 


11. 


12. 


with temperature k increases (according to Arrhenius 
equation) and since t,,. is directly proportional to k, so if k 
increases then ¢,,, also increases. If the reaction completes 
to 99.6% completion then, 


2.303 100 (2.303 
logg = mn log 04 = k 


An organic compound undergoes first order decomposi- 
tion. The time taken for its decomposition to 1/8 and 1/10 
of its initial concentration are 1/8 and 11/10, respectively. 


0.693 _ 


1/2 


jaa=sx 


What is the value of [tvs] x 10? (Take log 2 = 0.3.) 
Lito 


(IIT-JEE 2012) 
Solution 


(9) Using the expression for first order reaction 
_ 2.303 og [A]p 
k [A], 
when the compound is decomposed to 1/8th of its initial 
value then the time taken is 


; -(22)t 1 (2) : 
|e ee), ae 


when the compound is decomposed to 1/10th of its initial 
value then the time taken is 


t 


(1) 


2.303 1 2.303 
Lan lo = log 10 2 
1/10 ( k © G10) ( ra g (2) 
Dividing Eq. (1) by Eq. (2), we get 
tig _ log8 _ 


log(2?) =3x 0.3 = 0.9 
log 10 a2’) 


Lito 


So, the value of [tis] x10=9. 


Lino 


In the reaction, P + Q > R +S, the time taken for 75% 
reaction of P is twice the time taken for 50% reaction of P. 
The concentration of Q varies with reaction time as shown 
in the figure. The overall order of the reaction is 


A 
[Qo 
[Q] 
> 
Time 
(A)2 (B)3 (C)O (D)1 (JEE Advanced 2013) 
Solution 


(D) This is a first order reaction because f,,., = 2 X teoo,. The 
graph shows that the order with respect to Q is 0,so we 
can write the rate expression as rate = k[P]'[Q]’. 


The rate law for a reaction between the substances A 
and B is given by Rate = k [A]" [B]”. On doubling the 


13. 


14. 


15. 
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concentration of A and halving the concentration of B, the 
ratio of the new rate to the earlier rate of the reaction will 
be as 


(A) 1/2" (B) (m+n) 
(C) (1-m) (oj? 

(AIEEE 2003) 
Solution 


(D) The initial and final rates are given by 


Rate. and Rate 


initial 


= KALB)" oa =H] 


The ratio of Rate,,,,,/Rate; iia 1S 


Rate 
Rate, 


initial 


KZA) W/2A]" _ 
k{A]'[B]" 


final _ 


n-m 


For the reaction system: 2 NO(g) + O,(g) ~ 2NO,(g) vol- 
ume is suddenly reduced to half its value by increasing the 
pressure on it. If the reaction is of first order with respect 
to O, and second order with respect to NO, the rate of reac- 
tion will be (AIEEE 2003) 
(A) diminish to one-fourth of its initial value. 

(B) diminish to one-eighth of its initial value. 

(C) increase to eight times of its initial value. 

(D) increase to four times of its initial value. 


Solution 


(C) The rate law for the reaction is Rate = k [O,] [NOP. 
When volume is reduced to half, concentration 
becomes double the initial concentration, so the rate 
law becomes 


Rate = k [20,] [2NOJ]’ = 8k [O,] [NO 
The half-life of a radioactive isotope is three hours. If the 


initial mass of the isotope were 256 g, the mass of it remain- 
ing undecayed after 18 h would be 


(A) 4.08 (B) 8.0g 
(C) 12.0¢g (D) 16.0g (AIEEE 2003) 
Solution 


(A) The amount left after 1 half-lives = N,/2” where N, = 
256 g and n= 18/3 = 6. 
So, the amount left after 6 half-lives = 256/2° = 4.0. 


In respect of the equation k = Ae™™/*" in chemical kinet- 


ics, which one of the following statements is correct? 
(A) k is equilibrium constant. 

(B) A is adsorption factor. 

(C) E, is energy of activation. 


(D) R is Rydberg’s constant. (AIEEE 2003) 


Solution 


(C) E, is the activation energy, T is the temperature, R is 
the gas constant and A is the pre-exponential factor. 
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16. In first order reaction, the concentration of the reactant 
decreases from 0.8 M to 0.4 M in 15 min. The time taken 
for the concentration to change from 0.1 M to 0.025 M is 


(A) 30 min (B) 60 min 
(C) 75 min (D) 15min (AIEEE 2004) 
Solution 


(A) Since, the concentration of products becomes half 
(0.8 to 0.4 M), means ¢,,, is given as 15 min. 
For a first order reaction, 


= 0.693 _ 0.693 
tie 15 
Also, for a first order reaction, 
- 2.303 lo [A], _ 2.303 ™ O.1 _ 30 min 
k [A], (0.693/15) ~ 0.025 


17. The half-life of a radioisotope is 4 h. If the initial mass of 
the isotope was 200 g, the mass remaining after 24 h unde- 


cayed is 

(A) 1.042 g (B) 4.167 g 

(C) 3.125 g (D) 2.084g (AIEEE 2004) 
Solution 


(C) The amount left after n half-lives = N,/2" where 
N, = 200 g and n = 24/4 = 6. 
So, the amount left after 6 half-lives = 200/26 = 3.125 g 


18. The rate equation for the reaction 2A + B > C is found to 
be: rate = k[A][B]. The correct statement in relation to this 
reaction is that the 
(A) unit of k must be s™. 

(B) value of k is independent of the initial concentration 
of A and B. 

(C) rate of formation of C is twice the rate of disappear- 
ance of A. 


(D) t,, is a constant. (AIEEE 2004) 


Solution 


(B) Value of & is independent of the initial concentra- 
tion of A and B. Rate constants are independent of 
concentration but depend on other factors, such as 
temperature. 


19. A reaction involving two different reactants can never be 
(A) unimolecular reaction. (B) first order reaction. 
(C) second order reaction. (D) bimolecular reaction. 


(AIEEE 2005) 


Solution 


(A) This is because the minimum number of reactants is two, 
so the molecularity cannot be one (for molecularity = 1, 
there should be only one reactant). 


20. The time ¢,,, can be taken as the time taken for the concen- 
tration of a reactant to drop to 3/4th of its initial value. If 


the rate constant for a first order reaction is k, the f,,, can be 


written as 
(A) 0.10/k (B) 0.29/k 
(C) 0.69/k (D) 0.75/k  (ATEEE 2005) 


21. 


22. 


23. 
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Solved Objective Questions from Previous Year Papers 


Solution 


(B) According to first order reaction, 


-(22% )oe( 1 ee 
wa PRT a4) k 


A schematic plot of In K,, vs. inverse of temperature for a 
reaction is shown below 


A 


6.0 


3 
< 
c= 


2.0 


cra 


15x10 dia 
7k") 


The reaction must be 

(A) exothermic. 

(B) endothermic. 

(C) one with negligible enthalpy change. 

(D) highly spontaneous at ordinary temperature. 
(AIEEE 2005) 


Solution 


(A) This is in accordance with Arrhenius equation 
k= Aen bs!/RT 


Rate of a reaction can be expressed by Arrhenius equa- 

tion as: k = Ae*:/*7 

In this equation, FE, represents 

(A) the energy above which all the colliding molecules will 
react. 

(B) the energy below which colliding molecules will not 
react. 

(C) the total energy of the reacting molecules at a tem- 
perature, T. 

(D) the fraction of molecules with energy greater than the 
activation energy of the reaction. (AIEEE 2006) 


Solution 


(B) E, is the activation energy which represents the mini- 
mum energy that the reacting molecules must possess 
before undergoing a reaction. As E, increases, the rate 
constant k decreases. 


The following mechanism has been proposed for the reac- 
tion of NO with Br, to form NOBr: 


NO(g) + Br,(g) = NOBr,(g) 
NOBr,(g) + NO(g) = 2NOBr(g) 


If the second step is the rate determining step, the order of 
the reaction with respect to NO(g) is 
(A) 1 (B) 0 


(C)°3 (D) 2 (AIEEE 2006) 
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24. 


25. 


26. 


Solution 


(D) From the given reactions, the rate expressions for the 
second reaction is 


Rate = k[NOBr, [NO]. 


However, [NOBr,] = K,[NO]|[Br,]. Therefore, 
[NOBr, ] 


Rate = kK, [NO][Br, [NO] where K, = [NO][Br,] 


or Rate = k[NO}’ [Br, ] 

A reaction was found to be second order with respect to 
the concentration of carbon monoxide. If the concentra- 
tion of carbon monoxide is doubled, with everything else 
kept the same, the rate of reaction will 

(A) remain unchanged 

(B) triple 

(C) increase by a factor of 4 


(D) double (AIEEE 2006) 


Solution 


(C) For nth order reaction, the rate of reaction « 
[concentration]” 
For second order reaction, the rate of reaction « 
[concentration]’. So, for the given data Rate, = [CO] 
When concentration of CO is doubled then, Rate, = 
[2CO/ =4[COF = Rate, = 4Rate,. 


Phosphorus pentachloride dissociates as follows, in a 
closed reaction vessel, PCl,(g) = PCl,(g) + Cl,(g). If total 
pressure at equilibrium of the reaction mixture is P and 
degree of dissociation of PCI, is x, the partial pressure of 
PCL, will be under rate law 


Ay By | 
( (4) (B) (=) 
ites Dy) 2" 
(©) (a )e ve (4) 
(AIEEE 2006) 
Solution 


(A) The reaction can be represented as 
PCI;(g) = PCI, (g) + CL, (g) 
Initial moles 1 0 0 


Moles at equilibrium 1-x x x 


The total number of moles at equilibrium 
=1-x+x4+x=14+x 
Hence, the partial pressure of PCI, is 


x 
Pea) = Ya P 


The energies of activation for forward and reverse reac- 
tions for A, +B, —=2AB are 180 kJ mol! and 200 kJ 
mol’, respectively. The presence of a catalyst lowers the 
activation energy of both (forward and reverse) reactions 


Potential energy 


) 
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by 100 kJ mol”. The enthalpy change of the reaction 
(A, + B, > 2AB) in the presence of catalyst will be 


(in kJ mol") 

(A) 20 (B) 300 

(C) 120 (D) 280 (AIEEE 2007) 
Solution 


(A) Consider Fig. 12.18, 


In absence of catalyst 


In presence of catalyst 


200 


100 


Reaction coordinate 


Figure 12.18 


From the figure, we have 


AH (reaction)=E,, — E,,=80-100=20 kJ mol” 


27. Consider the reaction 2A + B — Products. When concen- 


tration of B alone was doubled, the half-life did not change. 
When the concentration of A alone was doubled, the rate 
increased by two times. The unit of rate constant for this 
reaction is 


(A) s7 (B) Lmol'st 
(C) no unit (D) mol! s* 

(AIEEE 2007) 
Solution 


(B) In the reaction 2A + B > Products, when concentra- 
tion of B is doubled, the half-life did not change, hence 
the reaction is of first order with respect to B because 
half-life is independent of concentration for first order 
reaction (ft, = 0.693/k). When concentration of A is 
doubled, the reaction rate is doubled, hence the reac- 
tion is of first order with respect to A. So, the overall 
order is 1 + 1 = 2 and the units of rate constant for a 
second order reaction are L mols". 


28. A radioactive element gets spilled over the floor of a room. 


Its half-life period is 30 days. If the initial activity is 10 
times the permissible value, after how many days will it be 
safe to enter the room? 
(A) 100 days 
(C) 300 days 


(B) 1000 days 
(D) 10 days (AIEEE 2007) 


Solution 


(A) We know that 


Activity (-*) oc N 
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n=n,(3] > a -(3] > : -(3] = 10=2" 
2 No \2 10 \2 


Taking log on both the sides, log 10 =n log 2 


n= = 3.32 (as log 2 = 0.3010) 
0.301 


Therefore, t=n Xt, = 3.32 x 30 = 99.6 days. 


29. For a reaction +A — 2B, rate of disappearance of “A” is 


related to the rate of appearance of “B” by the expression 


_d[A] _ 1 d[B] _d[A] _ 1 4[B] 
“ dt 2 dt (B) dt 4 dt 
_d[A] _ d[B] _d[A] _ , a[B] 
MO ae ode ae : dt 
(AIEEE 2008) 
Solution 


(B) For the reaction +A — 2B for instantaneous rates, 


dx _-2d[A] _ , d[B] 


dt dt 2dt 
dx -d[A]_ 1d[B] 
dt dt 4 dt 


30. The half-life period of a first order chemical reaction is 6.93 
min. The time required for the complete 99% of the chemi- 
cal reaction will be (log 2 = 0.301) 

(A) 46.06 min (B) 460.6 min 


(C) 230.3 min (D) 23.03 min 


(AIEEE 2009) 
Solution 
(A) Using first order reaction equation, 
= 0.693 = 0.693 =01 min? 
hin 6.93 
2.303 a 
= log 
k a-x 


where a is the initial concentration and x is the con- 
centration at time ¢. 
6.93 
lo 


0.6932 


— = 46.06 min 


t= (2.303 x 


31. The time for half-life period of a certain reaction 
A = Products is 1 h. When the initial concentration of the 
reactant A is 2.0 mol L”, how much time does it take for its 
concentration to change from 0.50 to 0.25 mol L” if it is a 
zero order reaction? 


(A) 1h (B) 4h 
(C) 0.5h (D) 0.25h (ATEEE 2010) 
Solution 


(D) For a zero order reaction, t,,. = [A]/2k where [A] is the 
initial concentration. So, k = [A]/2t,,. = 2/2.1 = 2. Also, 
for zero order reaction, 

x (0.50 — 0.25) 

adie 


k= =0.25h 


32. 


33. 


34. 
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Solved Objective Questions from Previous Year Papers 


Consider the reaction: 
CL, (aq) + H,S(aq) > S(s)+2H* (aq) + 2CI (aq) 


The rate equation for this reaction is rate = k[CL,][H,S]. 
Which of these mechanisms is/are consistent with this rate 
equation? 

I. Cl,+H,S>H*+Cl +Cl+HS” 


Cl’'+HS + H*+Cl'+S_ (fast) 


(slow) 


Il. HS —=H*+HS~ (fast equilibrium) 
Cl, +HS > 2Cl'+H*+S (slow) 


(A) I only 
(C) Both I and II 


(B) I only 
(D) Neither I nor II. 
(AIEEE 2010) 


Solution 


(A) As the slowest step is the rate determining step, so 
from mechanism A 


Rate = k [CL][H,S] 


The rate of a chemical reaction doubles for every 10°C rise 
of temperature. If the temperature is raised by 50°C, the 
rate of the reaction increases by about (AIEEE 2011) 
(A) 24 times. (B) 32 times. 
(C) 64 times. (D) 10 times. 


Solution 


(B) According to Arrhenius theory, temperature coefficient 
Q,, = 2 (given) 


en = ky > 250/10 _ 95 _ 39 — ky 
k, k, 


Therefore, 32 k, = k,. This means when the temperature 
is raised by 50°C, then the rate increases by 32 times. 


For a first order reaction, A — Products, the concentration 

of A changes from 0.1 M to 0.025 M in 40 min. The rate of 

the reaction when the concentration of A is 0.01 M is 

(A) 1.73 x 10° M min! (B) 3.47x10*Mmin' 

(C) 3.47x10°M min’ (D) 1.73 x 107M min" 
(AIEEE 2012) 


Solution 


(B) Using the expression of rate constant for first order 
reaction, we have 


= 2.303 196 [A], 
t [A], 
Given that t= 40 min, [A], = 0.1 M and [A] = 0.025 M. 
Therefore, 
k= Seog = 0.03465 min 
40 0.025 


Now, for first order reaction 
Rate = k[A] = 0.03465 x 0.01 = 3.47 x 10° M min" 
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35. The rate of a reaction doubles when its temperature 
changes from 300 K to 310 K. Activation energy of such a 
reaction will be (R = 8.314 JK ' mol’ and log 2 = 0.301) 
(A) 48.6 kJ mo! 

(B) 58.5 kJ mo! 
(C) 60.5 kJ mol" 
(D) 53.6 kJ mol" 


(JEE Main 2013) 
Solution 
(D) As per Arrhenius equation: 
in 2 = if 
ki R\T, T, 
2.303 log 2 = E, : : 
8.314\310 300 


which gives E, = 53.6kJ mol”. 


36. For the non-stoichiometric reaction 2A + B > C + D, the 
following kinetic data were obtained in three separate 
experiments, all at 298 K. 


Initial Initial Initial rate of 
concentration (A) concentration (B) | formation of C 
(mol L™ s~') 
0.1M 0.1M 1.2 x 10° 
0.1M 0.2 M 1.2 x 10° 
0.2 M 0.1M 2.4x 10% 
The rate law for the formation of C is 
dC dc 
~~ =klA B) —=A[AP[B 
(A) [== MAI] (8) = HAP LB) 
dC dC 
—~ =kfAT[BP? D) —=A[A 
(©) S=MAIBE —() =H 
(JEE Main 2014) 


37. 
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Solution 


(D) For the reaction 2A + B > C + D, the rate of forma- 
tion of C is 
d{C] 
dt 


From the given values in the table, we have 


= k{A}[BP 


1.2x10° = k[0.1]'[0.1]” 
1.2x10° = k[0.1]'[0.2]” 


2.4x10° = k{0.2]*[0.1]” 
Dividing Eq. (1) by Eq. (3), we get 


ko.1pfoap 1 (1P 
K{0.2;[01p 2 ( aoe 


1.2x10° 


2.4x10° 


Dividing Eq. (1) by Eq. (2), we get 


KOA (01P ( 1 
k{0.1}' [0.27 


1.2x10° 


1.2%10° 


dC 
Therefore, rate of formation of C is ae k[A]. 


Higher order (>3) reactions are rare due to: 

(A) increase in entropy and activation energy as more 
molecules are involved 

(B) shifting of equilibrium towards reactants due to elastic 
collisions 

(C) loss of active species on collision 

(D) low probability of simultaneous collision of all the 
reacting species 


(JEE Main 2015) 


Solution 


(D) Higher order reactions are rare because the probabil- 
ity of collision of more than three species is very rare. 


REVIEW QUESTIONS 


1. In the reaction 3H, + N, > 2NH,, how does the rate of 
disappearance of hydrogen compare to the rate of disap- 
pearance of nitrogen? How does the rate of appearance of 
NH, compare to the rate of disappearance of nitrogen? 


2. For the reaction mM-—nN, the rate law is given by 
rate = k[M]*. What is the significance of k and x? 


3. Express the rates of following reactions in terms of disap- 
pearance of reactants and formation of products: 


(a) 2NO(g) + O,(g) > 2NO(g) 
(b) H,(g) + L(g) > 2HI(g) 


4. Write Arrhenius equation and explain the significance of 
all terms in it. 


. What are the important features of collision theory? 


. Explain why a second order reaction behaves as a first 


order reaction when one of the reactants is present in large 
eXCess. 


. The boiling point of water depends on atmospheric 


pressure. As a result, water boils at a lower temperature 
at 3048 m in the mountains than at sea level. Use the 
Arrhenius equation to describe why it takes longer to cook 
a hard-boiled egg at the top of a mountain than it does at 
sea level. 


. Why is collision theory applicable to simple gaseous molec- 


ular reaction? 
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12. 


13. 


14. 


15. 


. Why is the potential energy of the molecules shown lowered 


in the energy profile diagram of reactants and products? 


. Differentiate between consecutive, reversible and parallel 


reactions by giving examples. 


Explain the following terms: (a) activated complex; (b) 
temperature coefficient of a reaction. 


When there are only trace quantities of NO in the atmos- 
phere, it does not react with O, to form NO,. As the con- 
centration of NO in the atmosphere builds up, however, it 
reaches a point at which this reaction can and does occur. 


2NO(g) + O,(g) > 2NO,(g) 


The experimentally determined rate law for the reaction is 
Rate = k[NO/’[O, ] 


Classify the order of this reaction. 


For a second order reaction with two different reactants, 
half life period cannot be determined. Why? 


According to the Arrhenius relationship between FE, 
and k, is k large or small when E, is large? What does a 
small & mean concerning how fast the reaction proceeds? 
Use this relationship to suggest how catalysts speed up 
reactions. 


Consider a reaction that was carried out twice, once with 
an initial concentration of 1 M and then with an initial con- 
centration of 2 M. How will the half-life for the second trial 


In an experiment, the concentration of a reactant was tri- 
pled. The rate increased by a factor of 27 What is the order 
of the reaction with respect to the reactant? 


. The following data were collected for the reaction M+ N— 


P+Q. 


Initial concentrations .. F 
Initial rate of reaction 


oa (mol L-'s~') 
[M] [IN] 
0.010 0.010 2.510% 
0.020 0.010 5.0x 10° 
0.020 0.030 45x10° 


Use data to obtain the rate law and the rate constant for 
the reaction. 


. The reaction of sucrose with water was found to be first 


order with respect to sucrose. The rate constant under the 
conditions of the experiments was 6.17 x10“ s”’. Calculate 
the value of ¢,, for this reaction in minutes. How many 
minutes would it take for three-quarters of the sucrose to 
react? 


. The “C content of an ancient piece of wood was found to 


be one-eighth of that in living trees. How many years old is 


16. 


17. 


18. 
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Numerical Problems 


compare to the half life of the first trial for zero order and 
first order reactions? 


(a) Draw the potential energy diagram for an endother- 
mic reaction. Indicate on the diagram the activation 
energy for both the forward and reverse reactions. 
Also indicate the heat of reaction. 

Explain, in terms of the law of conservation of energy, 
why an endothermic reaction leads to a cooling of the 
reaction mixture (provided heat cannot enter from 
outside the system). 


(b) 


Suppose a reaction occurs with the mechanism 

(D 2A = A, (fast) 
dD A,+E—>B+C (slow) 
In which the first step is a very rapid reversible reaction 
that can be considered to be essentially an equilibrium 
(forward and reverse reactions occurring at the same rate) 
and the second is a slow step. 
(a) Write the rate law for the forward reaction in step (1). 
(b) Write the rate law for the reverse reaction in step (II). 
(c) Write the rate law for the rate-determining step. 
(d) What is the chemical equation for the net reaction that 
occurs in this chemical change? 
Use the results of parts (a) and (b) to rewrite the rate 
law of the rate-determining step in terms of the con- 
centrations of the reactants in the overall balanced 
equation for the reaction. 


(e) 


Explain how a small rise in temperature appreciably 
increases the rate of reaction. 


NUMERICAL PROBLEMS 


1. 


this piece of wood (t,,. = 5730 years for “C)? (Hint: Recall 
the relationship between the integrated rate equation and 
half-life.) 


. The rate law for the reaction Ester + H* > Acid + Alcohol, is 


dx 
ae = k[ester]. What would be the effect on rate if (a) concen- 


tration of ester is doubled and (b) concentration of H* ion is 
doubled? 


. For the reaction A — B, the rate law expression is 


el 
di 


late (a) integrated form of the rate expression, (b) nature 
of plot of [A]' versus time and (c) half-life period. 


= k{A]'”. If initial concentration of A is [A],, calcu- 


. For a homogeneous gaseous phase reaction: 2A > 3B + C, 


the initial pressure of reactant was p° while pressure at time 
t was p. Find the pressure after time 2¢. Assume first order 
reaction. 


. The vapor phase decomposition of ethylene oxide into 


methane and CO at 414.5°C. Calculate k for first order 
reaction: 


Time (min) 0 5 7 12 18 


Pressure 116.51 122.72 125.72 133.23 141.37 


(mm Hg) 
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Decomposition of diazobenzene chloride was followed at 
constant temperature by measuring volume of N, evolved 
at definite intervals of time. Calculate order and rate 
constant. 


0 2.0 55 70 
10 25 35 163 


Time (min) 
Volume of N, (mL) 0 


A freshly cut piece of wood gives 16100 counts of B-ray 
emission per minute per kg and an old wooden bowl 
gives 13200 counts per minute per kg. Calculate the age 
of the wooden bowl. The half-life period of “C is 5568 
years. 


Two reactions of same order have equal exponential factors 
but their activation energy differ by 24.9 kJ mol’. Calculate 
the ratio between the rate constants of these reactions at 
27°C. (R = 8.314 J K" mol) 

In a second order reaction, where the initial concentration 
of the reactants is the same, half of the reactants are con- 
sumed in 30 min. If the rate constant is 3.6 x 10° L mo! 
min‘, what is the initial concentration of the reactants? 


For the reaction, A(g) > 2B(g) + C(g) 


Pressure of A at t= 0 is 380 mm Hg and pressure of A after 
30s is 190 mm Hg. Calculate total pressure in mm of Hg 
after 60s. 


In a reaction, aA — products, the rate is doubled when the 
concentration of A is increased 4 times. If 50% of the reac- 
tion occurs in 1414s, how many seconds would it take for 
the completion of 75% reaction ? 

“Cu (half-life = 12.8 h) decays by B emission (38%), B* 
emission (19%) and electron capture (43%). Write the 
decay products and calculate partial half-lives for each of 
the decay processes 


In a second order reaction, the initial concentration of the 
reactant is 0.2 mol L". The reaction was 40% complete in 
20 min. Calculate (a) rate constant, (b) time required for 
75% completion of reaction and (c) half-life period. 


Arsine decomposes on heating to give As and H,. The 
decomposition studied at constant volume and tempera- 
ture gives the following data. Calculate velocity constant, 
assuming first order reaction. 


ope) 
1.06 


6.5 8 
11 1.076 


Time (h) 0 


Pressure (atm) 0.9654 
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According to the reaction 
Cr,O7, + SH* + 3HNO, > 2Cr** + 3NO; + 4H,O 


The rate of disappearance of Cr,O7 is found to be 2.4 x 
10* mol L™ s“. Find the rate of appearance of Cr* during 
given time interval. 

The half-life of Pb’ is 10.6 h. It undergoes decay to its 
daughter (unstable) element *”Bi of half-life 60.5 min. 
Calculate the time at which daughter element will have 
maximum activity. 

Ten gram atoms of an @-active radio isotope are disinte- 
grating in a sealed container. In one hour the helium gas 
collected at STP is 11.2 cm’. Calculate the half-life of the 
radio-isotope. 

At 155°C the gas phase decomposition of di-t-butyl perox- 
ide is a first order reaction. 


(CH,), COOC(CH,), > 2CH, CH, + C,H, 


The following data were obtained during experiments. 
Calculate rate constant for the reaction. 


Time (min) 0 12 21 


Total pressure (mmHg) 170 240 280 

A wooden door lintel from an excavated site would be 
expected to have what ratio of carbon-14 to carbon-12 
atoms if the lintel is 9.0 x 10° years old? 


Cooking an egg involves the denaturation of a protein 
called albumen. The time required to achieve a particular 
degree of denaturation is inversely proportional to the rate 
constant for the process. This reaction has a high activation 
energy, E, = 418 kJ mol‘. Calculate how long it would take 
to cook a traditional three-minute egg on top of mountain 
peak on a day when the atmospheric pressure there is 355 
mm Hg. 

The rate of reaction is doubled when the temperature is 
changed from 298 K to 308 K. Calculate the energy of acti- 
vation of the reaction. 


ADDITIONAL OBJECTIVE QUESTIONS 


Single Correct Choice Type 


1 


For the chemical reaction X — Y, it is found that the rate 
of reaction increases by 2.25 times when the concentration 
of X is increased by 1.5 times, what is the order with respect 
to X? 

(A) zero 
(C) two 


(B) one 
(D) three 


2. 


3. 


A particular reaction increases by a factor of 2 when the 
temperature is increased from 27°C to 31°C. Hence activa- 
tion energy of the reaction is 
(A) 12.9 kcal mol" 

(C) 1.1 kcal mol™ 


(B) 0.14 kcal mol 
(D) None of these 


For a first order reaction, the units of Arrhenius factor (A) 
will be 

(A) JK's* (B) s' 

(C) mol L's" (D) JK'L's" 
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For an elementary reaction 2A—=B. the rate of disap- 
pearance of A is equal to: : 


(B) -2k, [AP + 2k,[B] 


(C) 2k, [A] -2k,[B] (D) (2k, -k,)[A] 


. The rate of the gaseous reaction: A(g) + B(g) > Product is 


given by expression 


If the volume of the reaction vessel is suddenly reduced to 
one fourth of the initial volume, the ratio of final rate to 
initial rate is: 


(A) 4:1 (B) 2:1 
(C) 16:1 (D) 1:2 
, __ +d[B] 
. For the reaction, 3A — 2B, rate of reaction q is 

equal to: ‘ 

3 d[A] _2d{A] 
(3 at 3 dt 

1d[A] d[A] 

ae ees pup jean sie | 
3 di a) aaa 


. The inversion of cane sugar is represented by C,,H,,O,, + 


H,O > C,H,,0, + C,H,,0,. It is a reaction that is 
(A) second order. (B) pseudounimolecular. 
(C) unimolecular. (D) none of these. 


. For the reaction H,(g) + L(g) > 2HI(g), the rate of disap- 


pearance of H, is 1.0 x 10% mol L" s'. The rate of appear- 
ance of HI will be 

(A) 10x10“ mol L™ s! 
(C) 2.0x 10“ mol L' s7 


(B) 0.50 x 10% mol L" st 
(D) 4.0x 10“ mol L's 


. The units of rate constant and rate of a reaction are identi- 


cal for 
(A) zero order reaction. 
(C) second order reaction. 


(B) first order reaction. 
(D) third order reaction. 


The chemical reaction 20,(g) — 30,(g) proceeds as 
follows. 


O, = O, + O(fast):O, +O > 20,(slow) 
The rate law expression is 
(A) rate = k[O,] 
(C) rate = k[O,][O,] 


For a first order reaction, 
(A) to75 = 3lo5 (B) logs = 2ty 5 
(C) toys = L5tos (D) t75 = 4tos 


Graph between log k and (1/7) is linear of slope S (magni- 
tude) Hence F, is 

(A) RxS (B) S/R 

(C) RIS (D) 2.303 RS 

Reaction rates are determined by all of the following fac- 
tors except 

(A) the number of collisions between molecules. 

(B) the force of collisions between molecules. 

(C) the orientation of collisions between molecules. 

(D) the spontaneity of the reaction. 


(B) rate = k[O,][O,]° 
(D) None of these 
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Additional Objective Questions 


For the reaction A + 2B — C, rate is given by Rate 
= [A] [BJ’, then the order of the reaction is : 


(A) 3 (B) 6 
(C) 5 (D) 7 
For the reaction H,(g) + Br,(g) — 2HBr(g), the experimen- 


tal data suggests Rate = k[H,][Br,]’”. The molecularity and 
order of reaction for the reaction is, respectively, 

(A) 2 and 2 (B) 2 and 3/2 

(C) 3/2 and2 (D) 3/2 and 3/2 


If the rate of the reaction is equal to the rate constant, the 
order of the reaction is 

(A) 1 (B) 2 

(C) 3 (D) 0 

The one which is unimolecular reaction is 

(A) 2HI > H, +1, (B) N,O, > N,O,+ 70, 


(C) H,+ Cl, — 2HCl (D) PCI, + Cl, > PCI, 
The half-life of a first order reaction is 10 min. If initial 


amount is 0.08 mol L” and concentration at some instant is 
0.01 mol L", then tris 


(A) 10 min. (B) 30 min. 
(C) 20 min. (D) 40 min. 
k for a zero order reaction is 2 x 10° mol L™ s”. If the 


concentration of the reactant after 25 s in 0.5 M, the initial 
concentration must have been 


(A) 0.5M (B) 125M 

(C) 12.5M (D) 10M 

Velocity constant of a reaction at 290 K was found to be 
3.2 x 10°. At 300 K, it will be 

(A) 1.28 x 107 (B) 9.6x 10° 

(C) 6.4x 10° (D) 3.2x 10° 

In the titration between oxalic acid and acidified potassium 


permanganate, the manganous salt formed catalyzes the 
reaction. The manganous salt is 

(A) a promoter. (B) a positive catalyst. 

(C) an autocatalyst. (D) none of these. 


The temperature coefficient of two reactions are 2 and 3 
respectively. Which would be correct for these reactions? 
(A) Ey < Ey (B) £,,> E,, 

(C) Ey, = Ey (D) Cannot be predicted. 
The formation of gas at the surface tungsten due to adsorp- 
tion is the reaction of order 


(A) 0 (B) 1 
(C) 2 (D) Insufficient data 
The rate of a gaseous reaction is given by the expression 


k [A] [B], if the volume of the reaction vessel is suddenly 
reduced to 1/4th of the initial volume, the reaction rate 
relating to original rate will be 


(A) 1/10 (B) 1/8 
(C) 8 (D) 16 
For a reaction: 2A + B > Products, the active mass of B is 


kept constant and that of A is doubled. The rate of reaction 
will then 
(A) increase two times. (B) increase four times. 


(C) decrease two times. (D) decrease four times. 


Diazonium salt decomposes as  C,H,N>Cl > 
C,H,.CI+N,. At 0°C, the evolution of N, becomes two 
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29. 


30. 


31. 


32. 


33. 


34. 


times faster when the initial concentration of the salt is 
doubled. Therefore, it is 

(A) a first order reaction. 

(B) asecond order reaction. 

(C) independent of the initial concentration of the salt. 
(D) a zero order reaction. 


Units of rate constant of first and zero order reactions in 
terms of molarity M unit are, respectively, 

(A) s',Ms"™ (B) s'M 

(C) Ms',s' (D) M,s* 

The rate of reaction is doubled for every 10° rise in 
temperature. The increase in reaction rate as a result of 
temperature rise from 10° to 100° is 

(A) 112 (B) 512 

(C) 400 (D) 614 

An example of autocatalytic reaction is 

(A) The decomposition of nitroglycerine. 

(B) Thermal decomposition of KCIO, and MnO, mixture. 
(C) Break down of “C. 

(D) Hydrogenation of vegetable oil using nickel catalyst. 


It takes 10 min for the decomposition of 50% H,O.,. If the 
reaction is of first order, the rate constant will be 

(A) 0.693 (B) 0.00693 

(C) 0.0693 (D) 6.93 


Two substances A and B are present such that [A], = 4[B,] 
and half-life of A is 5 min and that of B is 15 min. If they 
start decaying at the same time following first order kinet- 
ics, how much time later will the concentration of both of 
them would be same? 

(A) 15 min (B) 10 min 

(C) 5 min (D) 12 min 


H,O and oxygen atoms react in upper atmospheric level 
bimolecularily to form two OH radicals having heat of 
reaction 72 kJ at 400 K and energy of activation being 77 kJ 
mol". E, for bimolecular combination of two OH radicals 
to form H,O and O atom is 


(A) -5kJ (B) +5 kJ 

(C) -10kJ (D) +10 kJ 

The mechanism of the reaction: Nu + R-X > R-Nu+ X is 
Nu + R-X => [Transition state] (slow) 
[Transition state] - Nu-R + X” (fast) 


The rate of reaction can be increased by: 

(A) increasing the concentration of Nu’ only. 

(B) increasing the concentration of R-X only. 

(C) Increasing the concentrations of both Nu’ and R-X. 
(D) decreasing the concentrations of both Nu’ and R-X. 


At the intersection point of two curves nA > mB shown in 
Fig. 12.19, the concentration of B can be given by 


[Al, 
. [B] 
eo (A 
oo 
cet > 
8 Time (s) 
Figure 12.19 
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m 
fy pena B) —IA] 
(A) m+ ml h 8) i 
a “[A] 

(C) month (D) m+n 0 
Reaction A + 2B + C > Product, follows the rate law: 
= d[C] = k[A[ 

dt 


The false statement regarding the above reaction is: 

(A) On doubling the concentrations of B and C the rate of 
the reaction remains unaffected. 

(B) On reducing the concentration of A to half, the rate 
becomes one-fourth. 

(C) Half-life period of the reaction depends upon the con- 
centration of B. 

(D) Half-life period of the reaction is inversely propor- 
tional to the first power concentration of A. 


The ¢,,. of first order reaction is 10 min. Starting with 
100 g" of the reactant, the amount remaining after one 
hour is 


(A) 25.0 g (B) 3.130 g 

(C) 12.50 g (D) 1.563 g 

The rate of the reaction: A + B + C > Products is given by 
Rate = _ = KAP EBE [CP 

The order of reaction is 

(A) 1/2 (B) 4 

(C) 3/4 (D) 3/2 

If 8.0 g of a radioactive isotope has a half-life period of 

10 h. The half-life period of 2.0 g of the same substance is 

(A) 2.5h (B) 5.0h 

(C) 10h (D) 40h 

For the reaction, 2NO — N, + O,, the expression 5 de 


represents 

(A) The rate of formation of NO. 

(B) The average rate of the reaction. 
(C) The instantaneous rate of reaction. 
(D) All of these. 


For the system A,(g)+ B,(g) = 2AB(g), AH = —160 kJ. If 
the activation energy for the forward step is 100 kcal mol", 
what is the ratio of temperature at which the forward and 
backward reactions show the same percentage change of 
rate constant per degree rise of temperature? (1 cal = 4.2 J) 


(A) v0.72 (B) v0.84 
(C) v0.42 (D) v1 


For the reaction R-X+OH —~ROH+X.. The rate is 
given as 


Rate = 5.1 x 10° [R-X] [OH ] + 0.20 x 10°[R-X] 
What percentage of R-X reacted by S,2 mechanism when 
[OH ]=107° M? 

(A) 96% (B) 3.9% 
(D) 20% 


42. 


43. 


44. 


45. 


46. 


47. 


The plot of log k versus 1/T is linear with a slope of 


R 


E, 
Cs (B) 


a 


2.303R 


(C) (D) 


2.303R 
The high temperature (=1200K) decomposition of 
CH,COOH(g) occurs as follows as per simultaneous first 
order reactions. 
CH,COOH—*CH, + CO, 
CH,COOH—*>CH,CO+H,O 


What would be the % of CH, by mole in the product mix- 
ture (excluding CH,COOH)? 


50k, 100k, 
(A) (4h) (8) +k) 
200k, 


(C) ee) (D) It depends on time. 


The solvolysis of 2-chloro-2-methyl propane in aqueous 
acetone: 


H,O + (CH,),C-Cl > HO-C(CH,), + H*Cr 


has a rate equation Rate = k[(CH,),C—Cl]. From this it may 
be inferred that the energy profile of the reaction leading 
from reactants to products is 


A 


(A) & (B) E 


[t= 
Reaction coordinate 


A A 


Po 
Reaction coordinate 


(Ee i; 


Sah {—___ 
Reaction coordinate Reaction coordinate 


The reaction A(g) + 2B(g) > C(g) > D(g) is an elemen- 
tary process. In an experiment, the initial partial pressure 
of A and B are p, = 0.60 and p, = 0.80 atm. When p, = 0.2 
atm, the rate of reaction relative to the initial rate is 

(A) 1/48 (B) 1/24 

(C) 9/16 (D) 1/6 

A zero order reaction is one 

(A) in which reactants do not react. 

(B) in which one of the reactants is in large excess. 

(C) whose rate does not change with time. 

(D) whose rate increases with time. 


Following reaction was carried out at 300 K. 


2S0,(g) + O,(g) > 2SO,(g) 
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Additional Objective Questions 


How is the rate of formation of SO, related to the rate of 
disappearance of O,? 


A[O,] _ , 1 A[SO5] A[O,] _ A[SO5] 


) At 2 At ) At At 
A{O,] 1 A[SO,] 

(C) At = > Mt (D) None of these 

According to collision theory of reaction 


(A) every collision between reactant molecules leads to a 
chemical reaction. 

(B) rate of reaction is proportional to the velocity of the 
molecules. 

(C) rate of reaction is proportional to the average energy 
of the molecules. 

(D) rate of reaction is proportional to the number of 
collision per second. 


The integrated rate equation is Rt = log C, — log C,. The 
straight line graph is obtained by plotting 


(B) 


(A) time vs. log C, vs. C, 


time 


1 
vs. — 


(C) time vs. C, 
time C 


(D) 


t 


The decomposition of A into product has value of k as 4.5 x 
10° s' at 10°C and energy of activation 60 kJ mol’. At what 
temperature, would k be 1.5 x 10’ 5"? 


(A) 12°C (B) 24°C 
(C) 48°C (D) 36°C 
If concentrations are measured in mol L™ and time in min, 


the unit for the rate constant of a third order reaction is 
(A) mol L* min! (B) L’ mol? min' 
(C) Lmo!' min (D) min! 


Which of the following curves represents a first order reaction? 
A A 
(A) hie (B) 4 
a a 
A A 
(C) hie (D) 2 
a a 


Calculate the order of the reaction in A and B. 

[A] (mol L™) 0.05 0.10 0.05 

[B] (mol L*) 0.01 0.05 0.10 
Rate(molL‘s*) 12x10° 2.4x10° 12x10° 

(A) 1 and 0 (B) land1 

(C) Oand1 (D) None of these 

Which of the following correctly represents the variation of 


the rate of the reaction with temperature? 
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Rate 


fe l'*€ 
Temperature Temperature 


Rate 


(C) 


{___» 


Temperature Temperature 


Consider the following reactions: 
(1) H,+Cl,—“"*42HCl (II) H, + Br, > 2HBr 
(I) H,+1, > 2HI 
The order of the reactions is 
(A) 2,1,0 (B) 0,3/2,2 
(Cy. 12,9 (D) 2,1,1 


Ifa reaction A + B > Cis exothermic to the extent of 30 kJ 
mol’ and the forward reaction has an activation energy 
70 kJ mol", the activation energy in kJ mol for the reverse 
reaction is 

(A) 30 (B) 40 

(C) 70 (D) 100 


The rate of a gaseous reaction is generally expressed in 
terms of dp/dt. If it were expressed in terms of change 
in number of moles per unit time (dn/d¢) or in terms of 
change in molar concentration per unit time (dC/dt), which 
of the following relationship will hold good? 


- dC _1f(dn)_ 1 (dp 
®) a Vv dt) RT\ dt 


(D) None of these. 


A first order reaction is carried out starting with 10 mol 
L" of the reactant. It is 40% complete in 1 h. If the same 
reaction is carried out with an initial concentration of 5 mol 
L", the percentage of the reaction that is completed in 1 h 
will be 

(A) 40% (B) 80% 

(C) 20% (D) 60% 


A first order reaction takes 40 min for 30% decomposition. 
Calculate f,,. 

(A) 777 min (B) 272 min 

(C) 55.3 min (D) 673 min 


The number of half-lives (t,,.) required to bring the ratio to 
N/N, = 9.125 from N/N, = 1 of a radioactive element is 

(A) 2 (B) 4 

(C) 3 (D) 1 
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61. In the study of inversion of sucrose in presence of acid, if 
ry, 7, and r,, represent the polarimetric readings at times 0, t 
and ©, respectively, then at the 50% inversion, which of the 
following relationship will hold good? 


(A) Rant, (B) n=5Q+n) 
(©) n=K-n (D) 7= 5-1) 


62. The rate constant, the activation energy and the Arrhenius 
parameter of a chemical reaction at 25°C are 3.0 x 10*s1, 
104.4 kJ mol” and 6.0 x 10“ s", respectively. The value of 
the rate constant as t > is 
(A) 2.0 x 10% s™ (B) 6.0x10"s* 

(C) = (D) 3.6x 10" s* 

63. The half-life for radioactive decay of “C is 5730 years. An 
archaeological artifact containing wood had only 80% of the 
“C found in a living tree. Estimate the age of the sample. 
(A) 16573 y (B) 1845.4 y 
(C) 1512.4 y (D) 1413.1 y 


64. Decomposition on NH, on heated tungsten yields the fol- 
lowing data: 


Initial pressure (mm Hg) 65 105 y 185 


Half-life (s) 290 x 670 820 
What are the values of x and y in that order? 

(A) 420s, 110 mm Hg (B) 500s, 160 mm Hg 

(C) 520s, 170 mm Hg (D) 460 s, 150 mm Hg 


65. The rate constant of a certain first order reaction increases 
by 11.11% per degree rise of temperature at 27°C. By what 
% will it increase at 127°C, assuming constancy of activa- 
tion energy over the given temperature range? 
(A) 5.26% (B) 5.62% 
(C) 6.25% (D) 733% 


Multiple Correct Choice Type 


1. The following statement(s) is (are) correct: 
(A) A plot of log K, vs. 1/T is linear. 
(B) A plot of log [X] vs. time is linear for a first order reac- 
tion, X > P. 
(C) A plot of log p vs. 1/T is linear at constant volume. 
(D) A plot of p vs. 1/V is linear at constant temperature. 


2. Consider the following case of competing first order 


reactions. 
es (e; 
ae D 


2: 


After the start of the reaction at ¢t = 0 with only A, the [Q] 
is equal to the [D] at all times. The time in which all three 
concentrations will be equal is given by 

1 


1 
(A) t= 5 In (B) (=ze 18 
1 1 
(©) t= 31m (D) t= 3,-In 
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3. For a certain reaction A > Products, the ¢,,. as a function of 


[A],, is given as follows: 
[A], (M) 


ty (min) 


0.1 0.025 
100 50 


Which of the following is true : 
(A) The order is 1/2. 
(B) t,, would be 100/10 min for [A], =1 M. 
(C) The order is 1. 
(D) t,,, would be 100 min for [A], = 1 M. 


. The polarimeter readings in an experiment to measure the 
rate of inversion of cane sugar (first order reaction) were as 
follows 


Time (min) 0 30 © 


Angle (degree) 30 20 -15 


Identify the true statement(s) [Given that log 2=0.3, log 3 = 
0.48, log 7 = 0.84, In10 = 2.3.] 

(A) The half-life of the reaction is 82.71 min. 

(B) The solution is optically inactive at 131.13 min. 

(C) The equimolar mixture of the products is dextrorotatory. 
(D) The angle would be 75° at half time. 


. The rate law for the reaction RCl+ NaOH — ROH + NaCl 

is given by Rate = k [RCI]. The rate of this reaction is 

(A) is doubled by doubling the concentration of NaOH. 

(B) is halved by reducing the concentration of RC1 by one 
half. 

(C) isincreased by increasing the temperature of the reaction. 

(D) is unaffected by change in temperature. 


. According to adsorption theory of catalysis, the speed of 

the reaction increases because 

(A) the concentration of reactant molecules at the active 
centers of the catalyst becomes high due to adsorption. 

(B) in the process of adsorption the activation energy of 
the molecules becomes small. 

(C) adsorption produces heat which increases the speed of 
the reaction. 

(D) All of the these. 


. Bicyclohexane was found to undergo two parallel first 
order rearrangements, as given below: 


k,=1.26 x 104s! 


> Cyclohexane 


Biocyclohexane 


ky =3.8x 10° 8! 


> Methyl cyclohexane 


Choose the correct options: 

(A) Percentage of cyclohexane = 77% 

(B) Percentage of methylcyclopentane = 23% 
(C) Percentage of methylcyclopentane = 77% 
(D) Percentage of cyclohexane = 23% 


. If rate of reaction in terms of disappearance of NH, is 
—d[NH, ]/dt, for the reaction: 


4NH,(g)+SO, > 4NO,(g) + 6H,O(g) 


then which of the following expressions are correct for rate 
of the reaction? 


10. 
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13. 
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Additional Objective Questions 


__ 4d[O,] _ 3 d[H,O] 
(A) Rate = 5 dt (B) Rate= ae 3 
d[NO] 4 d[O,] 
(C) Rate= Ae D) Rate== ar 


. Which of the following statements are not true for a catalyst? 


(A) It increases the average kinetic energy of the reacting 
molecules. 

(B) It decreases the activation energy. 

(C) It alters the reaction mechanism. 

(D) It increases the frequency of collisions of the reacting 


species. 
MCS) First order 
dt 


Time 


6.75 j 
(D) bos First order 


a (Initial concentration) 


Which is the correct graph? 


- 75| \Second order 


a (Initial concentration) 


At given conc. 


(C) in $2) and order 


1/Temprature 


The ozone layer in the earth’s upper atmosphere is impor- 
tant in shielding the earth from very harmful ultraviolet 
radiation. The ozone, O,, decomposes according to the 
equation 20,(g) — 30,(g). The mechanism of the reaction 
is through to proceed through an initial fast, reversible step 
and then a slow second step. 


Step 1: Fast, reversible O,(g) = O,(g)+O 
Step 2: Slow O,(g) + O(g) > 20,,(g) 


Which of the following is correct? 
(A) Step 2 is rate determining step. 


(B) The rate expression for Step 2 is -£[0,] = k[O,][O]. 


(C) For Step 1, molecularity is 1. 
(D) For Step 2, molecularity is 2. 


Consider the rate law expression for a reaction: 
Rate = k[NO3] [I] [H’‘? 


Which of the following are true for the reaction? 

(A) When concentration of each of H”, NO; and [ are tri- 
pled, rate becomes nine times. 

(B) When concentration of NO; is doubled, of I" is halved 
and of H* is doubled rate becomes sixteen times. 

(C) When concentration of both NO; and I are doubled, 
rate becomes four times. 

(D) When concentration of H" is tripled, rate becomes 
nine times. 


The half-period T for the decomposition of ammonia on 
tungsten wire was measured for different initial pressures 
p of ammonia at 25°C. Then 


p(mmHg) 11 21 48 73 120 
t (s) 48 92 210 320 525 
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os Say aigde ina ory Experiment [A](M) [B](M) _ Initial Rate (M min”) 
(C) rate constant for reaction is 0.114 s. I 0.1 0.1 2.0 x 10° 
(D) rate constant for reaction is 1.14 s. ll x 0.2 4.0 x 102 
P ; Ill 0.4 0.4 y 
Assertion-Reasoning Type i : 02 aiaie 
Choose the correct option from the following: 
(A) Statement 1 and Statement 2 are true and the Statement 1. The value of x is 
2 is the correct explanation of the Statement 1. (A) 0.2 (B) 0.8 
(B) Statement 1 and Statement 2 are true but the Statement (C) 0.1 (D) 0.5 
2 is not a correct explanation of the Statement 1. 2. The value of y is 
(C) Statement 1 is true but the Statement 2 is false. (A) 0.2 (B) 0.08 
(D) Statement 1 and Statement 2 both are false. (C) 0.1 (D) 0.5 
1. Statement 1: For a first order reaction, the degree of dis- 3. The value of z is 
sociation is equal to (1 —e™’). tA) 02 (B) 08 
Statement 2: For a first order reaction, the pre-exponential (©) 01 (D) 05 
factor in the Arrhenius equation has the dimension of time”. 
Paragraph IT 


2. Statement 1: The reaction N, (10 atm) + 3H, (10 atm) > 
2NH,(g) is faster. 
Statement 2: Catalyst lowers the activation energy of the 
reaction. 

3. Statement 1: For a first order reaction, the concentration of 
the reactant decreases exponentially with time. 
Statement 2: Rate of reaction at any time depends upon 
the concentration of the reactant at that time. 

4. Statement 1: For a second order reaction, graph of [A] vs. ¢ 
is a straight line. 1 


[Av] 


5. Statement 1: The rate constant of a pseudounimolecular 
reaction has the units of the rate constant of a second order 
reaction. 

Statement 2: A pseudounimolecular reaction is a reaction 
of second order in which one of the reactants is present in 
large excess. 

6. Statement 1: Molecularity of a reaction cannot be deter- 
mined experimentally. 

Statement 2: Molecularity is assigned to reactions on the 
basis of mechanism. 

7. Statement 1: The order of reaction can have a fractional 
value. 

Statement 2: The order of reaction cannot be written from 
the balanced equation of a reaction. 

8. Statement 1: If the activation energy of a reaction is zero, 
temperature will have no effect on the rate of reaction. 
Statement 2: Lower the activation energy, faster will be the 
reaction. 

9. Statement 1: Molecularlity does not influence the rate of 
reaction. 

Statement 2: The overall kinetics of a reaction is governed 
by the slowest step in the reaction scheme. 


Statement 2: For second order reaction, [A]=At+ 


Comprehension Type 
Read the paragraphs and answer the questions that follow. 


Paragraph I 
The reaction between A and B is of first order with respect to 
A and of zero order with respect to B. The following data was 
obtained for four experiments: 


In 1889, Svante Arrhenius suggested that the relationship 
between temperature and the rate constant for a reaction 
obeyed the following equation: k = Ae“*'*". For most of the 
reactions, it was found that the temperature coefficient of the 
reaction lies between 2 and 3. The activation energy can be cal- 
culated from rate constants measured at two temperatures. If 
the activation energy and the rate constant at a particular tem- 
perature are known, the rate constant at another temperature 
can be calculated. Keeping temperature constant, the effect of 
catalyst on the activation energy has also been studied by study- 
ing how much the rate of reaction changes in the presence of 
catalyst. Although the catalyst is not part of the overall reaction, 
it provides a path to the products that has a rate-determining 
step with a lower activation energy than that of the uncatalyzed 
reaction. 


4. The pre-exponential factor in the Arrhenius equation of a 
second order reaction has the units 


(A) mol L's™ (B) Lmol's' 
(C) s" (D) It is dimensionless. 

5. The activation energy E, of a reaction can be calculated by 
plotting: 


(A) k against T 
(C) log k against 1/T 


6. The activation energy of a certain reaction is 87 kJ mol”. 
What is the ratio of the rate constants for this reaction 
when the temperature decreases from 37°C to 15°C? 

(A) 5/1 (B) 8.3/1 
(C) 13/1 (D) 24/1 


7. The rate of reaction is doubled when the temperature is 
changed from 298 K to 308 K. What is the energy of activa- 
tion of the reaction? 

(A) 80kJ mol! (B) 52.89 kJ mol" 
(C) 60.28 kJ mol" (D) 58.29 kJ mo! 


8. Ifx is the fraction of molecules having energy greater than 
E,, it will be given by 


(B) k against 1/log T 
(D) log k against 1/log T 


a 


RT 


a 


RT 


Qye=- (ay z= 


iOze" (D) any of these. 
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Integer Answer Type 


The answer is a non-negative integer. 

1. If the rate constant for the reaction 2A + B > C was found 
to be 2.5 x 10° L mol" s™ after 15 s, 2.60 x 10° L mol’ s* 
after 30 s and 2.55 x 10° L mols” after 60 s, the order of 
reaction is 

2. The order of the follonine reaction is 

CH,COOC,H, + H,O — CH,COOH + C,H, OH 


3. If the half-life of a reaction is inversely proportional to 
the cube of initial concentration, the order of reaction is 


4. After 24h, only 0.125 g out of the initial quantity of 1 g ofa 
radioactive isotope remains behind. The half-life period of 
the radioactive isotope in hours is 

5. Starting with an initial pressure of 5 atm rs azoisopropane, 

40% of it decomposes into nitrogen and hexane vapors in 
1 h. The pressure in atmospheres exerted by the mixture in 
atm at this time will be 

6. For a reaction 2A — A,, the rate of reaction becomes 
8 times when the concentration of A changes from a to 3a. 
The order of reaction is 


Matrix—Match Type 


1. Match the problem with its numerical solution. 


Column | Column II 


(A) Ifthe activation energy is65kJthenhow (p)5 
much time faster a reaction proceeds at 
25°C than at 0°C? 


(B) Rate constant of a first order reaction is (q) 11 
0.0693 min”. If we start with 20 mol L”, 
it is reduced to 2.5 mol L", in how many 
minutes? 


(C) Half-lives of first order and zero order (r) 30 
reactions are same. Ratio of rates at the 
start of reaction is how many times that 


of 0.693? 
(D) The half-life periods are given as (s) 1/4 
(t) 2 
[A],(M) 0.0677 0.136 0.272 (u) 0 


t,.(s) 240 480 960 


What is the order of the reaction? 


2. 


3. 


4. 


— 


elegram @unacademyplusdiscounts 


Answers 


Kinetics of hydrolysis of ethyl acetate catalyzed by an acid 
is followed by titrating a fixed volume of reaction mixture 
with a standard alkali solution at different intervals of time. 
V,, V, and V,, are the titre values at zero, ¢ and 9 time. 
Match the following: 


Column | Column II 

(A) Vy ex (p) [Acid] as initially present and that 
formed at time ¢ 

(B) V, «< (q) [Acid] present as catalyst 

(C)V,-V,«< (1) [Acid] formed after completion 
reaction 


(D) V.-V,% (s) [Acid] formed after time ¢ 


Match the quantity with its expression. 


Column | Column Il 


(A) Half-life of first order reaction (p) Active mass 


(B) Arrhenius equation (q) k= Ae IRT 
(C) Molar concentration 0.693 
(r) 42 = ° 
(D) Half-life period of zero under a 
reaction (s) Ok 


Match the reaction with its order/molecularity. 


Column | Column II 
(A) RC1+ H,O > ROH + HCl (p) Molecularity 1 
COOH (q) Molecularity 3 
(B) | — CO+CO,+H,O 
COOH 
(C) 2H,O, > 2H,O + O, (r) Molecularity 2 
(D) 2NO + Cl, — 2NOCI (s) Molecularity 4 


ANSWERS 


Review Questions 


1. The rate of disappearance of hydrogen is three times the 
rate of disappearance of nitrogen. The rate of disappear- 
ance of N, is half the rate of appearance of NH,. 

2. k is a constant called rate constant. x represents the order 
of reaction. 

1d[NO]_ d[O,]_1d[NO,] 


3. (a) 
2 dt dt 2 dt 
dt dt 2 dt 


12. 


14. 


15. 


17. 


The reaction is first order in O, and second order in NO. 
The overall reaction is third order. 

E, is large, k will be small. A small k indicates a slow reac- 
tion rate. 

For a zero order reaction, the half-life for the second reac- 
tion will be twice as large as for the first trial. For a first 
order reaction, the half-life will not change. 

(a) rate = k,[A]; (b) rate = k_,[A,]’; (©) rate = k,[A,]'[E]; 


(d) 2A +E—>B+C;(e) Rate = kyo [A] TE] 
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Numerical Problems 


1. The order is 3 


4. 1.72 x 10* y 


do) a 
7. ap —$ a P) 


10. 1597.4 years 
13. 760 mm Hg 


16. (a) 0.1667 L mol! min’; 


(b) 90 min; (c) 30 min 
19. 2271 min 
22. 40x10" 


2. Rate = k[M][N] 
where k = 2.5x10°L’mol’ s7 
5. (a) Two times; (b) No effect 


8. 1.21 x 10° min 


11. 2.16 x 10* 
14. 2412.97s 
17. 3.2x10°h"' 


20. 1.58 years 
23. 104h 


Additional Objective Questions 
Single Correct Choice Type 
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3. 18.7 min; 374 min 


6. (a) -2[A]* = kt + C; (b) Linear with a 


V2(V2 


2-1 
negative slope; (¢) 42 = eA” 


9. First, 3.2 x 10° min 


12. 0.926 mol L” 


15. 33.70 h; 6741 h; 29.78 h 


18. 48x10* molL's' 


21. 0.019 min” 
24. 52.89 kJ mol 


1. (C) 2. (A) 3. (B) 4. (C) 

6. (B) 7. (B) 8. (C) 9. (A) 

11. (C) 12. (D) 13. (D) 14. (A) 

16. (D) 17. (B) 18. (B) 19. (D) 

21. (C) 22. (A) 23. (A) 24. (D) 

26. (A) 27. (A) 28. (B) 29. (A) 

31. (A) 32. (B) 33. (C) 34. (B) 

36. (D) 37. (C) 38. (C) 39. (C) 

41. (D) 42. (D) 43. (A) 44. (B) 

46. (C) 47. (A) 48. (C) 49. (A) 

51. (B) 52. (B) 53. (A) 54. (B) 

56. (D) 57. (B) 58. (A) 59. (A) 

61. (B) 62. (B) 63. (B) 64. (D) 
Multiple Correct Choice Type 

1. (A,B,D) 2. (A,B) 3. (A,B) 4. (A, B,D) 
6. (A,B,C) 7. (A,B) 8. (A,C) 9. (A,D) 
11. (A,B,C,D) 12. (A,B) 13. (A,C) 

Assertion—Reasoning Type 

1. (B) 2. (B) 3. (B) 4. (C) 

6. (A) 7. (B) 8. (B) 9. (B) 
Comprehension Type 

1. (A) 2. (B) 3. (C) 4. (B) 

6. (C) 7. (B) 8. (B) 

Integer Answer Type 

1. (2) 2. (4) 3. (4) 4. (8) 

6. (3) 

Matrix—Match Type 

1. A> (q);B > (r);C > (t); D > (u) 2. A (q);B > (p); C > (s);D > (1) 
3. A (r);B > (q);C > (p);D > (s) 4. A> (r);B > (p);C > (1); D > (q) 
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- (C) 
- (D) 
- (B) 
-(C) 
- (B) 
- (©) 
-(C) 
- (B) 
- (D) 
- (B) 
- (B) 
- (©) 
- (©) 


. (BC) 


. (A,B,C) 


- (A) 


. (C) 
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Surface Chemistry sna ees Ff 


Water 
(dispersion 
medium) 


Reservoir of 
colloidal solution 


Colloidal 
solution 


Electrophoresis 


Some of the important properties of matter are related to its Contents 

surface. The surface is an interface between a solid and a gas or 

a solid and solvent/solute in a solution. It is represented by writ- 13.1 Adsorption 

ing the bulk phases separated by a hyphen, for example, solid-gas, 13.2 Factors Affecting 

solid-liquid, etc. This interface is only a few molecules thick Adsorption 

(e.g., depth of 0.5-2 nm in the solid bulk phase) and its area is deter- 13.3 Adsorption lsotherms 

mined by the size of particles in the bulk phase. In case of gases, such 13.4 Some Applications 

an interface does not exist as gases are completely miscible. The of Adsorption 

study of chemical processes that occur at this interface is known 13.5 Catalysis 

as surface chemistry. The surface phenomena are responsible 13.6 Types of Catalytic 

for many changes in natural and industrial processes. The applica- Reactions 

tions of surface chemistry are found in catalysis, electrode processes, 13.7. Theory of 

crystallization and cleansing action of soaps and detergents. Heterogeneous 

However, rusting of iron (corrosion) is an undesirable change Catalysis 

occurring at the surface interface which can be prevented by coat- 13.8 Shape-selective 

ing the surface with paint, so as to deactivate it from oxidation. Catalysis by Zeolites 
For the accurate study of surface phenomena, it is important 13.9 Enzyme Catalysis 

that the surface is clean and it has the same composition as the 13.10 Catalysts in Industry 

bulk phase. Clean surfaces can be prepared by removal of impuri- 13.11 Colloids 

ties by heating, chemical reactions or bombardment of electrons/ 13.12 Preparation of 

ions. For preparation of absolutely clean surfaces, the metals are Colloids 

subjected to ultra-high vacuum of the order of 10°” to 10°" mm 13.13 Purification of 

of Hg and then stored under vacuum to prevent contamination by Colloidal Solutions 

atmospheric gases. 13.14 Properties of Colloidal 
When a molecule strikes a solid surface, it may rebound, Solutions 

undergo a reaction or get adsorbed on the surface. The adsorbed 13.15 Coagulation or 


molecule may diffuse on the surface, undergo a reaction or dissolve 
in the bulk phase. In this chapter, we will focus on the equilibrium 
and dynamics of processes that occur on the interface and not when 13.16 


the molecule dissolves in the bulk phase. 13.17 
13.18 
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Precipitation and 
Hardy-Schulze Rule 
Protection of Colloids 
Emulsions 

Role of Colloids in 
Natural Phenomena 
and in Industry 
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13.1 | ADSORPTION 


The phenomenon of the assimilation of higher concentration of any species at the surface of a solid or liquid as 
compared to that present in the bulk of the material is known as adsorption. Some examples of adsorption are: the 
accumulation of dust/soot on our skin when we travel in regions of heavy traffic with the car windows rolled down; 
protection from poisonous gases particularly in coal mines using gas masks, etc. 

In the process of adsorption, substances partition in a manner that they leave the gaseous or liquid phases and 
form a new layer on the surface of a solid substrate. 

The solid or liquid on whose surface gas or liquid is adsorbed is called adsorbent or substrate; it must be a con- 
densed phase, that is, either liquid or solid. Solids in finely divided state have large surface areas and can act as good 
adsorbents, for example, silica gel, metals, clay, etc. The adsorbents (charcoal or a mixture of products) used in the gas 
mask adsorb poisonous gases and prevent their inhalation. The gas or solution which is held to this surface is called 
adsorbate; it is atomic, ionic or molecular; generally a liquid or a gas. Adsorption can be positive or negative. When the 
concentration of the adsorbate is more on the surface of the adsorbent than in the bulk, it is termed as positive adsorp- 
tion. When the concentration of the adsorbate is less on the surface of the adsorbent than in the bulk, it is termed as 
negative adsorption. 


Adsorption and Related Phenomena 


Adsorption is a surface phenomenon and it differs from absorption, which is a bulk phenomenon in which the concen- 
tration of molecular species is uniformly distributed throughout the body of the solid or liquid. In adsorption, the con- 
centration of the adsorbate increases only on the surface, whereas it increases uniformly throughout the bulk phase in 
case of absorption (Fig. 13.1). The differences between the two phenomena are tabulated in Table 13.1. 


(a) (b) 


Figure 13.1 Diagrammatic representation of (a) adsorption and (b) absorption. 


Table 13.1 Difference between adsorption and absorption 
Absorption Adsorption 


Absorption is a bulk phenomenon in which the concentration The phenomenon of assimilation of higher concentration of 
of molecular species is uniformly distributed throughout the any species at the surface of a solid or liquid as compared to 


body of the solid or liquid. that present in the bulk of the material. 

Slower process and the attainment of equilibrium takes longer Faster process and attainment of equilibrium takes shorter 

time. time. 

For example, ammonia is absorbed by water, whereas it is For example, adsorbents (charcoal or a mixture of products) 

adsorbed by charcoal. used in the gas mask adsorb these gases and prevent their 
inhalation. 


The term sorption is used to describe a process in which both absorption and adsorption takes place while desorption 
is used to describe a process opposite to sorption. For example, when a chalk is dipped in ink, the color in the ink is 
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adsorbed on the surface, while the solvent is absorbed in the entire thickness of the chalk. Similarly, in preparation of 
a curry, the yellow coloring compounds of turmeric are absorbed in the curry while they are adsorbed on the surface 
of the pan in which the curry is being cooked, thus imparting it yellow stains. 

Desorption is the phenomenon whereby a substance is released from or through a surface, and it occurs when the 
concentration (or pressure) of the substance in bulk phase is lowered. This process takes place by either increasing 
the temperature or reducing the pressure. The role of desorption is important in catalysis, where it is used to make the 
surface of the solid catalyst free for the fresh adsorption of the reactants on the surface. 


Adsorption Mechanism 


The driving force for the process of adsorption is the presence of unbalanced or residual forces at the solid or liquid 
surface. These arise because the molecules present at the surface are attracted by other molecules only from below 
(net inward force) and from the sides unlike the molecules inside the bulk phase which are attracted uniformly from 
all sides (Fig. 13.2). The molecules on the surface thus tend to move inwards where forces of attraction are uniform 
from all sides. As a result of these residual forces, the surface of the solid or liquid is in a state of strain and has a 
tendency to attract and retain molecules of another species, thus creating an excessive concentration at the surface. 
Adsorption reduces these residual forces, and this results in a decrease in the surface energy which appears in the form 
of heat. This is known as heat of adsorption and the process of adsorption is an exothermic process. 


(a) (b) 


Figure 13.2 Mechanism for (a) adsorption and (b) absorption. 


The incoming molecule of adsorbate faces two kinds of interactions from the substrate. These are electronic repul- 
sions and steric restrictions from the adsorbent surface. If the substrate is an aromatic or unsaturated species, the 
charge donated during the formation of an adsorption bond is conducted away from the location of adsorption, thus 
reducing electronic repulsion for the incoming adsorbate molecule. In a non-conducting adsorbent, such delocaliza- 
tion of charge is not possible and most of the donated charge lies close to the site of adsorption, thus restricting the 
approach of more adsorbent molecules. 

The phenomenon of adsorption is spontaneous and so the free energy (AG) of the system should be negative. 


(13.1) 


Since process of adsorption restricts the movement of gas molecules, it is always accompanied by a decrease in 
the entropy (AS). Since adsorption is an exothermic process, the enthalpy change (AH) of the system is also nega- 
tive. For AG to be negative, it follows that AH must be sufficiently higher than AS so that the value of (AH —TAS) 
becomes negative. As the adsorption proceeds, AH becomes less and less negative and at AH = TAS, AG becomes 
zero and an equilibrium is reached. In the equilibrium state, the process of adsorption and desorption proceed at 
the same rate. 


Note: The molecule of adsorbate must approach the substrate from within a certain cone-shaped area above the 
vacant adsorption site, otherwise steric restriction would prevent successful adsorption. 
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Physisorption and Chemisorption 
On the basis of the forces of attraction between the adsorbent and the adsorbate, adsorption can be classified into two types 


1. Physisorption, also known as physical adsorption or van der Waals adsorption. For example, adsorption of gases 
by charcoal. 


2. Chemisorption, also called chemical adsorption or activated adsorption. For example, adsorption of oxygen on 
tungsten is an example of chemisorption. 


In some processes, the two types of adsorptions may occur simultaneously or may interchange their form at different 
temperature conditions. For example, in hydrogenation of alkenes, nickel is used as the catalyst. Initially, hydrogen gas 
undergoes physisorption on the nickel surface, and at low temperatures dissociates to form hydrogen atoms that are 
bonded to the nickel by hydride formation. Similarly, if silica gel and elemental bromine are placed at the two ends 
of a sealed container, the bromine vapors travel to silica gel and are chemisorbed on the surface of silica. When the 
chemisorbed monolayer is complete, the successive layers of bromine are adsorbed by physisorption. 

The enthalpy of chemisorption is more than the enthalpy of physisorption because of strong chemical bonds that 
are involved in chemisorption, whereas in case of physisorption there are weak van der Waals forces involved. Since 
formation of these bonds requires higher energy of activation, this adsorption is also called activated adsorption. 

The extent of physisorption and chemisorption depends on the nature of adsorbent. At a given temperature and 
pressure, greater the surface area per unit mass of the adsorbent, greater is the adsorption on its surface. Finely divided 
solids having a large surface area show a much larger extent of adsorption. This is because more and more residual 
forces are created on the surface when a substance of larger size is divided into smaller units. 

In physisorption, the nature of the adsorbate also affects the extent of adsorption. In general, easily liquefia- 
ble gases, that is, gases with high critical temperatures, are more readily adsorbed because van der Waals forces are 
stronger near the critical temperature. The general features and differences between the two types of adsorption are 
summarized in Table 13.2. 


Table 13.2 Distinguishing features of physisorption and chemisorption 


Physisorption Chemisorption 

Forces of attraction involved between adsorbent and Forces of attraction involved between adsorbent and 
adsorbate are weak, long-range van der Waals forces. adsorbate are strong chemical bonds. 

No formation of a surface complex. Formation of a surface complex between adsorbate and adsorbent. 
Reversible in nature, as the gas adsorbed can be recovered Irreversible in nature because it involves formation of 

back by lowering pressure or raising the temperature. chemical bonds between adsorbent and adsorbate. 


The adsorbent does not show preference for any specific gas. It Since the process of adsorption involves formation of chemical 

can bond similarly by van der Waals forces to all the gases. It is bonds, it is highly specific in nature. Chemisorption takes place 

shown by almost all gases. only where there is possibility of formation of chemical bonds 
between the adsorbent and adsorbate. 


Occurs at low temperatures due to low activation energy (~5 kJ). Occurs at high temperatures due to high activation energy. 


Magnitude of adsorption decreases with increase in Magnitude of adsorption increases with increase in 
temperature. temperature. 


Equilibrium is attained rapidly on changing temperature and —- Equilibrium is attained relatively slowly. 
pressure. 


Heat (enthalpy) of adsorption is low (20-40 kJ). Heat (enthalpy) of adsorption is high (80-240kJ moI’). 


Adsorption is generally multilayered. Adsorption is monolayered. 


Solved Example 13-1 


Why is adsorption accompanied by a decrease in both entropy (AS). Since adsorption is an exothermic process, 
enthalpy as well as entropy of the system? the enthalpy change (AH) of the system is also negative. 
Solution 


Since the process of adsorption restricts the movement of 
gas molecules, it is always accompanied by a decrease in the 


CUladai 
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Solved Example | 13-2 


The enthalpy of chemisorption is more than the enthalpy that are involved in chemisorption, whereas in case 

of physisorption. Why? of physisorption there are weak van der Waals forces 
involved. 

Solution 


The enthalpy of chemisorption is more than the enthalpy 
of physisorption because of strong chemical bonds 


Solved Example EES] 


Why is adsorption always exothermic? (b) When a gas is adsorbed on a solid surface, its move- 

; ment is restricted leading to a decrease in the entropy 

Solution of the gas, that is, AS is negative. Now for a process to 

The above statement can be explained in two ways. be spontaneous, AG should be negative. From AG = 

AH — TAS, we find that since AS is negative, AH has to 

(a) Adsorption leads to a decrease in the residual be negative to make AG negative. Hence, adsorption 
forces on the surface of the adsorbent. This causes is always exothermic. 


a decrease in the surface energy of the adsorbent. 
Therefore, adsorption is always exothermic. 


Solved Example 13-4 | 


What is the state of AH and AS when bromine gas gets Solution 


9 
peseredoncnarodl When bromine gas gets adsorbed on charcoal, then heat is 


liberated. Therefore, the enthalpy change is negative. Thus, 
AH = negative and the entropy change AS = negative. 


13.2 | FACTORS AFFECTING ADSORPTION 


Adsorption of Gases on Solids 


Adsorption of gases on the surface of a solid is very common and is sometimes referred to as occlusion. A common 
example is the adsorption of ammonia by charcoal. The amount of gas adsorbed depends upon the nature of gas as 
well as the surface area of the adsorbent. Greater the surface area, greater are the residual forces on the surface and 
higher is the magnitude of adsorption of the gas on the surface. Adsorbate is adsorbed to a different extent by different 
adsorbents under the same conditions and by the same adsorbents under different conditions. Adsorption of gases on 
solids depends upon the following factors. 


1. Temperature: Adsorption is always accompanied by evolution of heat, so according to Le Chatelier’s principle, 
the magnitude of adsorption should increase with a decrease in temperature. Also, when the temperature of the 
system is lowered, then due to smaller thermal energy, more number of molecules are held to the surface by 
residual forces and hence higher is the adsorption. A curve showing variation of adsorption with temperature at 
constant pressure is known as adsorption isobar. 

The change in rate of adsorption with temperature is different for physisorption and chemisorption. In fact, 
it has been actually found that an increase in temperature tends to cause a decrease in the magnitude of adsorp- 
tion at a constant pressure in case of physisorption. In chemisorption since it requires some activation energy, the 
magnitude of adsorption increases initially and then decreases with an increase in temperature. This effect can be 
depicted graphically by adsorption isobars as shown in Figs. 13.3(a) and (b) where (x/m) denotes the amount of 
gas adsorbed per unit mass of adsorbent and T the temperature. 
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Figure 13.3 Effect of temperature on adsorption at constant pressure: (a) Physisorption and (b) chemisorption. 


Note: A plot of temperature vs. pressure for a given amount of adsorption is called adsorption isostere. This 
plot should yield a linear graph. 


2. Pressure: The variation of adsorption with pressure at a given constant temperature 
can be depicted graphically as adsorption isotherms in Fig. 13.4. At a constant tem- 
perature, the extent of adsorption increases with an increase in pressure at low pres- 
sure values. This is in agreement with Le Chatelier’s principle which states that the 
system would move towards lesser number of molecules with an increase in pressure. 
Physical adsorption increases with increase in pressure. The extent of adsorption 
is expressed as x/m where x is amount of adsorbate, m is mass of adsorbent when p 
dynamic equilibrium is established between free gas and the adsorbed gas. More 


about adsorption isotherms is discussed in Section 13.3. Figure 13.4 Effect of 
pressure on adsorp- 


tion at constant 
temperature. 


x/m 


3. Nature of adsorbent: At ature and pressure, greater the surface area per unit mass 
of the adsorbent, greater is the adsorption on its surface. Finely divided solids having 
a large surface area show a much larger extent of adsorption. This is because more 
and more residual forces are created on the surface when a substance of larger size 
is divided into smaller units. 


4. Nature of adsorbate: Adsorption depends upon the nature of adsorbate. In case of gases, the molecular forces 
involved in adsorption are more predominant in the easily liquefiable and readily soluble gases (e.g., HCl, NH,, 
Cl,) so the adsorption of such gases is higher than the permanent gases (e.g., H,, N,, O,). 


5. Surface area: The extent of adsorption increases with the increase in surface area of the adsorbent. The greater 
the surface area, more will be the extent of adsorption. This is the reason why porous or finely divided forms of 
adsorbents adsorb larger quantities of adsorbate. 


Adsorption of Solids from Solutions 


Solids are known to adsorb solutes from solutions. For example, acetic acid is adsorbed from a mixture of acetic acid 
and water when shaken with charcoal. The concentration of acetic acid in solution decreases. Similarly, litmus solution 
when shaken with charcoal becomes colorless. A number of factors influence the adsorption of solutes from solution 
by solids and they are listed as follows: 


1. An adsorbent adsorbs certain solute from solution in preference to others. The extent of adsorption depends on 
the nature of the adsorbent as well as adsorbate. This extent is usually greater for solutes with high molecular 
mass. 


2. Adsorption of a solute decreases with rise in temperature due to increase in the kinetic energy of solute parti- 
cles, thereby causing these particles to leave the surface. The shape of an adsorption isotherm in solution phase 
depends on the choice of adsorbate, substrate temperature and the nature of the solvent. 
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3. Adsorption of solutes from a solution increases with increase in the concentration of solution. When the solute is 
adsorbed by an adsorbent, it is called positive adsorption (e.g., adsorption of KCl by charcoal from a concentrated 
solution); whereas when the solvent is taken up by the adsorbent, it is called negative adsorption (e.g., adsorption 
of water by charcoal from a concentrated solution of KCl). 


4. The extent of adsorption increases with the increase in surface area of the adsorbent. 


5. Adsorption increases as the solubility of the solute in a solvent decreases. Also, adsorption strength increases with 


an increase in the analyte polarity (polarity of solute). 


Solved Example 13-5 | 


Can physisorption transform into chemisorption at high 
temperature? 


Solution 


As physisorption requires very low activation energy com- 
pared to chemisorption, so physisorption can be trans- 
formed into chemisorption only at high temperatures. 


Solved Example 13-6 | 


How does the rate of physisorption vary with (a) decrease 
in temperature; (b) increase in pressure and (c) increase 
in surface area? 
Solution 
According to physisorption, 

Absorbate + Absorbent — Gas/Solid + Heat 


According to Le Chatelier’s principle, decrease in tem- 
perature will shift the equilibrium to right or rate of phy- 
sisorption will increase. On increasing the pressure, the 
equilibrium will shift in the direction in which there is 
decrease in number of moles (i.e., in forward direction). 
Adsorption increases with increase in surface area. 


Solved Example |13-7| 


How do size of particles of adsorbent, pressure of gas and 
prevailing temperature influence the extent of adsorption 
of a gas on a solid? 


Solution 
Adsorption of a gas on a solid depends on: 


(a) Size of particles of adsorbent: Smaller the size of the 
colloid particle, larger is the surface area and thus 
greater is the adsorption. 


(b) Pressure of gas: At constant temperature, adsorp- 
tion reaches equilibrium at higher pressures, that is, 
at high pressure, adsorption is independent of pres- 
sure. However, it increases with increase in pressure 
before attaining equilibrium. 


(c) Temperature: In physical adsorption, it decreases 
with increase in temperature. However, in chem- 


isorptions, it increases initially and then decreases. 


Solved Example 13-8 | 


Why is it essential to wash the precipitate with water 
before estimating it quantitatively? 
Solution 


When a substance gets precipitated, some ions from 
the electrolyte that combine to form the precipitate get 


adsorbed on the surface of the precipitate. Therefore, it 
becomes important to wash the precipitate before esti- 
mating it quantitatively in order to remove these adsorbed 
ions or other such impurities. 
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Solved Example 


Out of CO and NH, which is adsorbed on activated char- _ undergoes adsorption to a greater extent. Also ammonia 
coal to a large extent and why? has a higher critical temperature than CO and a stronger 


intermolecular force of attraction. 
Solution 


Ammonia (NH;) is adsorbed on activated charcoal 
to a large extent because more easily liquefiable gas 


13.3 | ADSORPTION ISOTHERMS 


Adsorption isotherm determines the variation in the amount of gas adsorbed by the adsorbent at a particular tem- 
perature by varying the pressure. Different gases exhibit different types of isotherms on adsorption on different adsor- 
bents. These can be broadly categorized into five types as depicted in Fig. 13.5. Type I corresponds to unimolecular 
adsorption, while Types H-V correspond to multimolecular adsorption. 
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Figure 13.5 Adsorption isotherms. 


Freundlich Adsorption Isotherm 


Freundlich first observed the variation between extent of adsorption and pressure at constant temperature. His 
observation was depicted by plotting mass of gas adsorbed per gram (x/m) of the adsorbent against pressure (p) at 
constant temperature [Fig. 13.6(a)]. The curves in Fig. 13.6(b) show that for a given pressure, the extent of physisorp- 


tion decreases with increase in temperature. The curves become flat as we approach higher pressures suggesting that 
adsorption reaches a saturation point. 


Note: The shape of an adsorption isotherm in gaseous phase depends on the choice of adsorbate, substrate and 
temperature. 
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Figure 13.6 Extent of adsorption vs. pressure at (a) constant temperature and (b) different temperatures. 


From the given plot it is clear that at pressure p,, (x/m) reaches the maximum value. p, is called the saturation pressure. 
Three cases arise from the graph now. 


Case 1 — At low pressure: The plot is straight and sloping, indicating that the pressure is directly proportional to (x/m), that is, 


(x/m) « p= —=kp 
m 


where x is the mass of the adsorbate and m is the mass of the adsorbent at pressure p; k is constant depending upon 
the nature of adsorbate and adsorbent. 


Case 2 — At high pressure: When pressure exceeds the saturated pressure, (x/m) becomes independent of p values. 
fa oc p => a = kp? 
m m 
Case 3 — At intermediate pressure: In this case, (x/m) depends on p raised to the powers between 1 and 0, that is, 
fractions. This relationship is known as the Freundlich adsorption isotherm. 
x ee p” => x = kp'” (n > 1) 
m m 
The value of 7 is usually greater than 1 and so the increase in adsorption is not as rapid as the increase in pressure. 
Now taking log on both sides, we get 


ise = 168ks toe 
m n 


On plotting the graph between log (x/m) and log p, a straight line is obtained with A 
the slope equal to 1/n and the intercept equal to log k (Fig. 13.7). 

The relation between pressure and extent of adsorption explained by 
Freundlich’s isotherm is approximate. It holds good for a limited range of pres- 
sure but fails at higher pressures. The factor 1/n can have values varying between 
0 and 1. When 1/n = 0, x/m is constant and when 1/n = 1, x/m varies directly with 
pressure. These observations are supported by experimental results. However, as 
the pressure increases, the actual extent of adsorption (experimental isotherm) 
approaches saturation. Hence, the relation does not hold good at high pressures. 
Some other limitations of Freundlich isotherm are: 


log(x/m) 


Slope = 1/n 


log k 


— 
v 


log p 
1. It is only applicable for physical adsorption and does not account for multi- 
layer adsorption. Figure 13.7 Freundlich 


2. It does not consider the role of surface area of adsorbent in the process of adsorption isotherm. 


adsorption. 
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Freundlich adsorption isotherm is also applicable to solutions by replacing the pressure term by the concentration 
(C) of adsorbates in solutions. The relationship is modified as follows 


*=Kc™ (13.2) 
m 


Taking logarithm, it becomes log (=) =logk+ u logC (13.3) 
m n 


A graph between log (x/m) and log C is a straight line for small ranges of concentrations. 


Solved Example 13-10 


In an adsorption experiment, a graph between log (x/m) 
vs. log p was found to be linear with a slope of 45°. The 
intercept on the log (x/m) axis was found to be 0.3010. 
Calculate the amount of the gas adsorbed per gram of 
charcoal under a pressure of 0.5 atm. 


Solution 


Using Freundlich isotherm equation x/m = kp" 


log on both the sides, we get 


. Taking 


log ~ = log kates Dp 
m n 


Comparing it with a general straight line equation, we get 
slope = 1/n and intercept = log k. Given that slope = tan 0 
where @ = 45°. Now, 


eee yt 


n 
Intercept = 0.3010 (given). Therefore, log k = 0.3010 > 
k=2. 

It is also given that p =0.5 atm, so 


* = kp" =2x(0.5)' =1.0 
m 


Solved Example cESn 


Check the applicability of Freundlich adsorption iso- 
therm for the adsorption of solute on a solid at 25°C and 
find the values of k and n. 


Concentration (mol L") 0.05 0.10 0.50 1.00 1.50 
(x/m) (g) 0.048 0.072 0.144 0.192 0.228 


Solution 


Using the given data and the following expressions 


Xx 
po kc” 
m 


log(x/m) = logk + Peg C 
n 


we can plot log C on x-axis and log (x/m) on y-axis. The 
slope gives value of 1/n and the intercept gives value of 
log k. Calculate k and n as 0.19 and 2.29, respectively. 


Solved Example 13-12 | 


Different concentrations of aqueous solutions placed 
with charcoal which adsorbs a part of solute from solu- 
tion as reported below at equilibrium. 


Concentration of solution x 107% 2.0 4.0 
x/m 0.185 0.290 


Calculate the values of log k and n. 


Solution 
x 1 
tog( ~) =logk +(4 lose 
m n 
log 0.185 = logk +(= hose x10) 
n 


log 0.290 = logk +( : Jioe x107) 


n 
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Langmuir Adsorption Isotherm 


In 1916, Langmuir gave an expression to determine the extent of adsorption depending on variation in pressure, based 
on the following assumptions: 


1. 
2. 
3. 


The surface of solid consists of only a fixed number of adsorption sites. 
All the sites are equivalent and the surface is homogeneous. 


Each site can adsorb only one gas molecule. Adsorption is monolayered, that is, gases adsorbed onto the surface 
can form a layer of only one molecule in thickness. 


. The heat of adsorption is constant and identical for all the adsorption sites. 
. The gas molecules adsorbed do not interact with each other. 


. The gas molecules have a tendency to get adsorbed on the surface of the solid, and the adsorbed molecules have 


a tendency to evaporate back (desorb) into the gas phase. 


Based on above assumptions, he stated that the rate of desorption is proportional to the concentration of adsorbed 
molecules, that is, to the fraction 6 of the surface already covered by gas molecules. So, 


Rate of desorption = k,@ 


where k, is a constant. The rate of adsorption is proportional to pressure of the gas as well as the fraction of surface 
uncovered (1 — @). So, 


Rate of adsorption = k, p(1-@) 


where k, is a constant. Now at equilibrium: 


or 


Rate of adsorption = Rate of desorption 


k,p(1-0) =k,0 (13.4) 
k, p—k,p0 =k,0 > k,p=0(k, +k ee 
aP aP' Neh aP= d aP  k,+k,p 

g — kalka P_ (13.5) 


Sic 


Substituting k,/k, by k,, which is a constant known as distribution constant, we get 


__kp (13.6) 
1+k,p 


We also know that @ is proportional to the amount of gas adsorbed (x) per unit mass of the adsorbent (7m) 


=k,0 (13.7) 


where k, is another constant. Substituting the value of 9 from Eq. (13.6) into Eq. (13.7): 


ee k,k,p 


13.8 
m 1+k,p SS) 


This is known as the Langmuir equation. Taking the reciprocal of Eq. (13.8), we get 
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ieee esi eee 


= = (13.9) 
(x/m)  k,k,p k,k,p k, 


Pp ee 
= + 13.10 
(x/m) kk, k, ( ) 


A plot of p/(x/m) versus p gives a straight line with a slope of (1/k,) and intercept of (1/k,k,) from which the values of 
k, and k, can be calculated. 

Langmuir monolayer adsorption isotherm explains the nature of the adsorption isotherm given by Freundlich 
(Fig. 13.6) under the following conditions: 


1. When the pressure of the gas is low, the amount of gas adsorbed is directly proportional to the pressure of the gas. 
This is because at low pressure, adsorption is lower and @can be considered to be negligible in comparison to 1 so 
Eq.(13.4) can be written as: 


k,p=k@ 
or pe (13.11) 
ky 


Substituting the expression of 6 in Eq. (13.7), we get 
DG 
—=k,k,p (13.12) 
m 


2. When pressure is high, adsorption attains a constant value. This is because at high pressure, adsorption of the gas 
is high and 6 can be considered close to 1 so Eq. (13.4) can be written as: 


k,p(1-0) =k, = (1-0) = F# 


k.p 
or ye ee ea (13.13) 
k,p kp 
Substituting expression of @ in Eq. (13.7), we get 
cy ese (13.14) 
m k,p 
At high value of pressure, k,/k,p becomes very small and so: 
4 =k, (13.15) 
m 


3. When the pressure is intermediate, the extent of adsorption does not increase as fast as the pressure. This can be 
explained on the fact that the value of denominator increases faster than the numerator on increasing the value 
of pressure in the Langmuir equation, x/m = k,k, p/(1 + k,p). 


Multilayer Adsorption 


Langmuir adsorption isotherm has certain limitations because it is based on the assumption that adsorption is mono- 
olayered and that the adsorbed molecules do not interact with each other. This is true only at low pressure and high 
temperature. This is because at low pressure, lesser number of molecules strike the surface; while at higher tempera- 
ture, molecules have higher thermal energy and prevent multilayer formation. However, at high pressure and low 
temperature, additional layers are foriied aw the Langmaimodelis' Ae f6AgerVvalid. Brunauer, Emmett and Teller 


aH 
| 
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proposed a theory (BET theory) to explain multilayer adsorption. As in Langmuir’s isotherm, the theory assumes 
that the solid surface possesses uniform, localized sites and that adsorption on one site does not affect adsorption on 
neighboring sites. After the formation of first layer, the molecules can continue to be adsorbed on subsequent layers 
(second, third, ... and nth layer). The surface area available for the nth layer is the same as that for the coverage of the 
(n —1)th layer. Based on these assumptions, the equation for the ratio of the volume (V) of gas adsorbed to the volume 
(V,,) required to form a monolayer is derived as 


Yo (Ge 
Vv, (Q-x)f1+(C-1x] 


(13.16) 


Here, x = p/p,, where p is the pressure of the gas at temperature T and p, is the saturated vapor pressure of the gas at 
the same temperature. The equation may also be written in the form 
el r (C-1)x 
Willa) (CY, CA, 


(13.17) 


It is possible to determine the parameters V,, and C from plot of x/V(1 — x) versus x and thus get the volume of gas 
required to form a monolayer. 


Determination of Surface Area of Solids 


The adsorption of gases by a solid surface can be used to determine the surface area of solids. If a monolayer is formed, 
then the fractional surface area covered is given by the ratio of the volume V of the gas adsorbed to the volume V,, 
required to form the monolayer, assuming that volumes are at the same temperature and pressure. Equation (13.6) 
may also be expressed as 


V 


m 


~ 14 1/k,p 


If the gases follow Langmuir’s isotherm, the parameters V,, and k, can be determined from slope and intercept of the 
plot 1/V versus 1/p. 

However, deviations occur in Langmuir equation, especially at the higher pressures and BET multilayer adsorp- 
tion equation, Eq. (13.16) may be used for determination of V,,. The surface area occupied by a single molecule of 
adsorbate on the surface can be estimated from density of liquefied adsorbate. Nitrogen gas is commonly used for 
surface area determination at its boiling point (-195°C) and assuming the molecules are spherical and closely packed. 
The area of one molecule of nitrogen under these conditions is taken as 16.2 x 10 m’. 


Solved Example REESE 


The data below are for the adsorption of CO on charcoal D_ p 1 

at 273 K. Confirm that they fit the Langmuir isotherm VieV 5 kV. 

and find (a) the constant k, and volume corresponding 

to complete surface coverage (b) the fraction of surface a graph can be plotted between p/V and p to 

covered at p = 600 mm Hg and (c) change of standard free obtain the slope as 1/V,,,, and the intercept as 

energy on adsorption at STP. Wk Vonaxe 

p(mmHg) 100 200 30 400 500 600 700 p(mmHg) 100 200 30 400 500 600 700 

V (cm*) 10.2 18.6 25.5 314 36.9 41.6 46.1 V (cm?) 10.2 186 25.5 314 369 416 461 
p/V (mm 9.8 10.75 117 12.74 13.55 14.42 15.18 


Mass of sample of charcoal = 3.022 g. Hg cm®) 


Solution 


(a) For determination of k, and V,,,,, the given data can 


be modified to include p/V, so thabfrora|the equetionnacademyplusdiscounts 
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The graph obtain is shown in Fig. 13.8. 


{(p/mmHg)/(V/em?)} 


0 200 400 600 800 pimmbg 


Figure 13.8 


The slope (1/V,,,,) is obtained as 0.009. So, V, 


max. max 


111.11 cm’ and the intercept is 9 > k, = 0.009/9 = 


0.001 mm Hg". 
(b) At 600 mm Hg, the fractions of surface area covered 
ee ee ey 
Vix  t11.11 


(c) We know that AG,,, = —2.303RT logk,. Substituting 
the value of k, = 0.001 mm Hg" = 0.76 atm”, we get 


AG,,, = -2.303RT log(0.76) 
= 0.119 x 2.303 x 8.314 x 273 


= 0.62 kJ mol"! 


Solved Example 13-14 | 


The adsorption of a gas is described by Langmuir adsorp- 
tion isotherm. Calculate the pressure at which the frac- 
tional coverage is (a) 0.1, (b) 0.5 and (c) 0.95. Given k, = 
0.9 kPa“ at 27°C. 


Solution 
We know that @ = 


kp >p= (75) = Therefore, 
1+k,p 1-6 Jk, 


01) 1 
= x — =0.123 kP 
(a) p ( 09 a 


0.9 


05) 1 
by pe | eee 
WMP P (52 )<a5 


01) 1 
(LD ee 
me P (wa )xo5 : 


Solved Example 13-15 | 


In a solution of 100 mL 0.5M acetic acid, 1g of active 
charcoal is added, which absorbs acetic acid. It is found 
that the concentration of acetic acid becomes 0.49M. if 
surface area of charcoal is 3.01 x 10° m’, calculate the area 
occupied by single acetic acid molecule on the surface of 
charcoal. (IIT-JEE 2003) 


Solution 


The number of moles of acetic acid in 100 mL (before 
adding charcoal) = 0.05 mol 


The number of moles of acetic acid in 100 mL (after add- 
ing charcoal) = 0.049 mol 

The number of moles of acetic acid adsorbed on the sur- 
face of charcoal = 0.05 — 0.049 = 0.001 mol 

The number of molecules of acetic acid adsorbed on the 
surface of charcoal = 0.001 x 6.02 x 10" = 6.02 x 10” 
Given that the surface area of charcoal = 3.01 x 10° m’, 
so the area occupied by single acetic acid molecule on the 
surface of charcoal is 


3.01107 


AGE 


13.4 | SOME APPLICATIONS OF ADSORPTION 


Some industrial applications of adsorption are as follows: 


1. In pollution control and clarification of sugar in food industry: Activated carbon or activated charcoal is an 
extremely porous carbon that has a very large surface area available for adsorption or chemical reactions. It is the 
most widely used adsorbent for preparing gas masks to selectively adsorb toxic gases, in pollution control system 
for the treatment of volatile organic compounds in effluent air based on the nature of chemicals and adsorbents, 
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removal of organic matter from drinking water, decoloration of vinegar and sugar solution, and control of odors 
in the food industry. 


2. In filtration: Molecular sieve contains tiny pores of uniform size that act as an adsorbent for gases and liquids. 
It can be considered to be a filter operating on the molecular level. Small molecules which can pass through the 
pores are absorbed, whereas large molecules are not. Since water molecules are small enough to pass through 
molecular sieves, these can function as a desiccant and absorb water up to about 22% of its own weight. 


3. In controlling humidity and drying air: Silica is used for drying of processed air (e.g., oxygen, natural gas) and 
adsorption of hydrocarbons from natural gas. Silica and alumina gels have been employed for drying of air and 
controlling humidity in rooms. Adsorption chillers are filled with silica gel onto which hot water/steam coming 
from industrial sources can be adsorbed. 


4. In metallurgy: Fuller’s earth is used in refining of petroleum and vegetable oil; it adsorbs unwanted materials. 
5. In dying industry: Mordants like alum are used to adsorb the dye particles in the dying industry. 


6. In paint industry: The dissolved gases from the paint are removed during manufacture by suitable adsorbents to 
increase their adherence capacity. Moreover, all surfaces are layered with gaseous, liquid or solid films that are 
removed just before the paint is applied. This is done by suitable liquids called wetting agents which adsorbs these 
films. For example, spirit acts as a wetting agent in furniture painting. 


7. In chromatography: Adsorption chromatography is a technique used for the separation of compounds based on 
their selective adsorption on the surface of a suitable adsorbent. When a solvent containing a mixture of solutes is 
made to pass through an adsorbent, solutes get separated in different layers of the adsorbent with the solute most 
readily adsorbed in the initial layers and less readily adsorbed in the later layers. This principle is used in the sepa- 
ration of solution by column chromatography, gas chromatography and high performance liquid chromatography. 


8. In catalysis: Adsorption plays an important role in catalysis as a number of manufacturing industrial chemical pro- 
cesses are heterogeneous catalyst reactions. The adsorbent (catalyst) should be covered by the reactants in order 
to be catalytically active. The interaction of reactants or products with the surface should be neither too strong nor 
too weak. If the adsorption is too weak, the catalyst has little effect. If the strength of the bond between the adsor- 
bent and adsorbate is high, the adsorbate molecules may be immobilized on the surface and the reactants may 
fail to react with each other, thus decreasing the activity of the catalyst. Thus the activity of a catalyst increases 
initially and then decreases with the strength of adsorption. Some manufacturing processes which are carried out 
in the presence of heterogeneous catalysts are as follows: 


Synthesis of ammonia by Haber’s process using iron as a catalyst: N, + 3H, —*>2NH,. 
Nickel is used as a catalyst in the hydrogenation of vegetable oils: Vegetable oil +H, —“— Vegetable ghee. 


9. In titrations as indicators: Certain dyes which are useful in adsorption also find use as indicators in precipitation 
titrations. For example, KBr is easily titrated with AgNO, using eosin as an indicator. 


10. In softening hard water: Ion exchange adsorption is defined as the process of release of a particular type of ion 
and adsorption of other types of ions by the adsorbent. It involves the chemical reaction between ions in solu- 
tion and that of the solid adsorbent, which in turn releases replacement ions into the solution. Such adsorbents 
known as ion exchange resins are insoluble, cross-linked, long-chain polymers with microporous structure having 
functional groups attached to their chains; for example, zeolites, clay and soil humus. Ion exchange resins are being 
used for various environmental applications and pollution abatement processes, such as water softening, deminer- 
alization, desalination, removal of ammonia, removal of heavy metals, radioactive waste treatment, etc. 


11. In removal of colored impurities: Colored impurities can be removed from solutions by passing through a bed of 
charcoal. For example, white sugar crystals are obtained by passing solution of sugar crystals containing colored 
impurities over a bed of charcoal. The coloring substances get adsorbed on the charcoal bed. 


12. In production of vacuum: After evacuating the vessels using a vacuum pump, they are further treated with adsor- 
bents such as charcoal to remove traces of air. Similarly, adsorbent materials may be used between two layers of 
Dewar flasks/containers to remove all trapped air. 

13. In separation of inert gases: A mixture of noble gases can be separated based on the difference in extent of 
adsorption on charcoal. 

14. In biological applications: The phenomenon of adsorption is used to remove toxins such as germs, etc., from the 
body. It is also used for the recovery and concentration of vitamins and other biological substances. 
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13.5 | CATALYSIS 


Many reactions can be accelerated by the presence of small amount of substances, which themselves remain unaltered 
chemically during the course of reaction. Such substances are called catalysts. The action of the catalyst is specific for 
a reaction. 

Though the amount of catalyst should be unchanged at the end of the reaction, it enters into the chemical reaction 
and forms a complex with any of the reactants. The complex is an intermediate and undergoes decomposition to give 
the products of the reaction with the regeneration of the catalyst molecule. 

An extremely small amount of a catalyst will cause a considerable increase in the rate of a reaction. For example, 
a small quantity of MnO, will increase the rate of decomposition of KCIO, appreciably. Since the catalyst remains 
unchanged at the end of the reaction, it does not give energy to the system. Therefore, it has no influence on the posi- 
tion of equilibrium. This has been verified experimentally. 

There are two types of catalysts based on the activity: 


1. Positive catalyst or accelerator: The catalyst changes the speed of the reaction by making available a path other than 
the one which is followed by the reaction in the absence of the catalyst. If path is such that in the presence of the 
catalyst, molecules with lower energy can participate in the reaction, the speed of the reaction is increased. Such a 
catalyst which accelerates the rate of a reaction is called positive catalyst or accelerator. The examples are as follows: 


2SO,(g) + O,(g) > 280, 
F 
N,(g) + 3H, (g)—*+> 2NH,(g) 
2. Negative catalysts or inhibitors: There are certain substances which, when added to the reaction mixture, retard its 
reaction rate instead of increasing it. These are called negative catalysts or inhibitors. The examples of this type are 


antifreezes like glycerol which retards rusting of the machine; lead tetraethyl or nickel carbonyl acts as antiknock 
material in the internal combustion engines; and small quantity of alcohol retards oxidation of chloroform. 


The substances affecting the activity of catalysts are as follows: 
1. Promoters: The presence of a small quantity of some substance called promoters, activates the catalyst. For exam- 
ple, molybdenum promotes the activity of iron catalyzing synthesis of ammonia. 
2. Anitcatalysts: Those substances which deactivate the catalyst are called anticatalysts. 


3. Poisons: Those substances which decrease the efficiency of the catalyst and the reaction thus stops at the first stage 
of reduction. For example, when BaSO, and quinolone are added to acetylene, they act as poisons. This means that 
reaction will stop at ethene and ethane will not be formed. 


C,H, +H, > CH, = CH,+H, > CH, 


Acetylene Ethene Ethene 
Pd + BaSO, + quinoline 
C,H, +H, > CH, = CH, 
Acetylene Ethene 


Characteristics of Catalysts 
The characteristic properties of catalyst are listed as follows: 
1. The catalyst remains unchanged in its composition and amount at the end of the reaction. However, it may undergo 
some change in its physical form; for example, the solid catalyst used may be recovered in powdered form. 


2. A small amount of catalyst is enough to promote a chemical reaction in most of the reactions. However, in certain 
homogeneous reactions, the rate of reaction may depend upon the concentration of catalyst. 


3. A catalyst does not affect the thermodynamic parameters of a chemical reaction, such as enthalpy, entropy or free 
energy change. 


4. The use of catalyst does not shift the equilibrium of the reaction as it affects rates of both forward and backward 
reactions to the same extent. 


5. The ability of a catalyst to affect the rate of a reaction is known as its activity. An effective catalyst is one that can 
adsorb the reactant molecule strongly enough for them to react but not so strongly that the product molecules 
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adhere permanently to the surface of the catalyst. Chemisorption is the main factor in deciding the activity of a 
catalyst. The adsorption of reactants on the catalyst surface should be neither too strong nor too weak. It should 
just be strong enough to make the catalyst active. The activity of catalyst is significant in the hydrogenation reac- 
tions and in formation of water. Storing hydrogen and oxygen together will not result in formation of water with- 
out the presence of a catalyst. Use of platinum as catalyst enhances the rate of reaction to a great extent: 


2H,(g) + O,(g) > 2H,0() 


Note: The metals of Groups 5 to 11 show an increasing order of catalytic activity in hydrogenation reaction. 


6. The ability of a catalyst to affect the rate of certain reaction and prevent the other side reactions is known as 
selectivity of the catalyst. The catalyst thus directs the reaction to yield the desired products in improved yields. 
This is also known as specificity of the catalyst, which implies that the use of a catalyst is specific to a reaction. For 
example, by using different catalysts, we can get different products for the reaction between H, and CO. 


CO(g)+3H,(g)—“' > CH, (g) + H,O(g) 


CO(g)+2H,(g) Cu/ZnO-CrO,, 


CO(g)+H,(g) “> HCHO (g) 


CH,OH(g) 


Solved Example | 13-16 | 


How does a catalyst increase the rate of a chemical or the nature of products. The catalyst reacts with the 


reaction? reactants to form an intermediate complex which read- 
ily undergoes decomposition to yield the product and the 
Solution catalyst is regenerated. It lowers the activation energy of 


F : the reaction. 
Catalyst is defined as a substance which alters the rate 


of a chemical reaction without affecting the equilibrium 


Solved Example 13-17 


Discuss the role of adsorption and desorption in catalysis. on the surface, the reaction takes place readily due to the 

close proximity of the reactants. If one reactant molecule 
Solution is attached to the surface, then it may be hit by the other 
reactant moving freely as a gas or liquid. The products 
formed are desorbed, that is, they leave the surface of 
the catalyst which is regenerated and the active sites are 
again available for reaction. 


The surface of the catalyst has active sites on which one 
or more reactants get adsorbed in the form of a unimolec- 
ular layer because of some unsatisfied valence forces of 
the catalyst. If both the reactant molecules are adsorbed 


Solved Example 13-18 | 


20% surface sites have adsorbed N,. On heating N, gas Solution 

evolved from sites and was collected at 0.001 atm and Given that p. = 0001 atm, T=908 K, V= 2.46 cm? 
298 K in a container of volume is 2.46 cm’. Density of sur- He ideal N, ti h V=enRTS 

face sites is 6.023 x 10 cm™ and surface area is 1000 em2, > ‘°° 888 equation, we have py = Mk. 0, 
find out the number of surface sites occupied per molecule pV 0.001x2.46x10° - 
of N,. (IIT-JEE 2005) ‘= “mise 


Now, molecules of N, = 6.023 x 10” x 1 x 10°’ = 6.023 x 10° 
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Also, the total sites available = 6.023 x 10 x 1000 = 6.023 
x 10". Therefore, surface sites used to adsorb N, is 


20 
20% of the total sites available = TT x 6.023 x 10!” 
= 12.04x10"° 
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Therefore, the sites occupied per molecule of N, is 
Surface sites used to adsorb N, _ 12.04x10'° | 
Molecules of N, ~ 6.02x10" 


Solved Example 13-19) 


Name two physical quantities that remain unaffected 
when a reversible reaction is carried out in the presence 
of a catalyst. 


Solution 


constant, K.,. It merely speeds up the reaction, thus allow- 
ing it to reach equilibrium more quickly. Thus, the two 
physical quantities that remain unaffected when a revers- 
ible reaction is carried out in the presence of a catalyst 
are enthalpy change and equilibrium constant. 


scounts 


A catalyst has effect neither on the relative energies 
of the reactants and products, nor on the equilibrium 


13.6 | TYPES OF CATALYTIC REACTIONS 


The catalysis process may be classified as follows: 


1. Homogeneous catalysis: In this catalytic reaction, the catalyst is in the same phase as the reactants. In the gaseous 
phase, an example of homogeneous catalysis is the use of NO to accelerate the reaction between CO(g) and O,(g). 
The reactants and the catalysts are in the same gaseous phase. 


NO 
2CO(g)+ O,(g) #4200, (g) 
In solution phase, the example of homogeneous catalysis is ester hydrolysis in acidic medium. For example, acidic 
hydrolysis of ethyl acetate. 
CH,CH,COOCH, (1) + H,O(1) 2#CO_, cH,CH,COOH(aq) + CH,OH(aq) 
2. Heterogeneous catalysis: In this catalytic reaction, the catalyst is in a different phase from the reactants. The 
simplest example of this is the reaction between ethylene and hydrogen in the presence of a nickel catalyst. The 
reactants are gases whereas the catalyst is a solid. 


CH, = CH, +H, —>CH,CH, 


Ethene molecules are adsorbed on the surface of the nickel. The double bond between the carbon atoms breaks 
and the electrons are used to bond it to the nickel surface. Similarly, a solid platinum or V,O; catalyzes the oxida- 
tion of SO, to SO, in contact process for the manufacture of H,SO, and solid iron is used as a catalyst in manufac- 
ture of ammonia by Haber’s process. Another example is gold acting as catalyst in the following reaction: 


IN,0—*" 5 9N, +0, 


Here gold acts as a catalyst. The N,O is chemically adsorbed on the metal surface. A bond is formed between the 
O of the N,O and an Au atom. This weakens the bond joining O to N, thus making it easier for the molecule to 
break apart. 


3. Autocatalysis: When a product formed in the course of reaction speeds up the reaction, the phenomenon is called 
autocatalysis. For example, the hydrolysis of an ester by water is an autocatalytic process, since the acid liberated 
as a result of hydrolysis catalyzes the reaction. 

4. Induced catalysis: In this catalytic reaction, one reaction influences the rate of another reaction that does not occur 
under ordinary conditions. For example, the reduction of HgCl, by oxalic acid proceeds at a much faster rate in the 
presence of KMnO,,. This is because the reduction of KMnO, by oxalic acid further induces the reduction of HgCL. 

5. Acid—base catalysis: Some reactions are catalyzed by the presence of an acid or a base and this is known as acid— 
base catalysis. Some examples are: 


Hydrolysis of t 
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CH,COOC,H,+H,0 #1, cH,cOOH +C,H,OH 


Ethyl acetate 
(b) Inversion of cane sugar 


C,H,,0,,+ H,0—1,¢,H,,0,+C,H,,0, 


Sucrose Glucose Fructose 
6. Enzyme catalysis: Reactions catalyzed by enzymes are termed enzyme catalysis. Enzymes are highly complex, 
non-living, nitrogenous organic substances produced by living animals and plants. This catalysis is discussed in 
detail in Section 13.9. 


13.7 | THEORY OF HETEROGENEOUS CATALYSIS 


A catalytic process in which the catalyst and the reactants are present in different phases is known as a heterogeneous catal- 
ysis. An example of heterogeneous catalysis is the synthesis of ammonia from hydrogen and nitrogen by the Haber process. 
Fe(s) 
N,(g) + 3H,(g) —~>2NH,,(g) 

The reaction takes place on the surface of an iron catalyst that contains traces of aluminium and potassium oxides. It 
is thought that hydrogen molecules and nitrogen molecules dissociate while being held on the catalytic surface. The 
hydrogen atoms then combine with the nitrogen atoms to form ammonia. Finally, the completed ammonia molecule 
breaks away, freeing the surface of the catalyst for further reaction. This sequence of steps is illustrated in Fig. 13.9. It 
is important to remove CO in the synthesis of ammonia as CO adversely affects the activity of the iron catalyst, used 
in Habet’s process. 


Molecules of Hy Molecules ofH, BondsfromH Bond formation Ammonia Ammonia molecules 
and Ny approach and Np dissociate to N begin to continues. molecules leave the catalyst’s 
the iron atoms into atoms. form. have formed. surface. 


(bottom) on the 
surface of the 
catalyst. 


Figure 13.9 Haber’s process. 


The theories used to explain the catalytic action are as follows: 


1. Intermediate compound theory: According to the earliest theory suggested to explain the catalytic action, the 
catalyst forms a reactive and unstable intermediate with a reactant. This intermediate readily reacts with the 
other reactant to form the product and the catalyst is obtained back in its original form. This can be represented 
as follows: 


A+B —~> C+D 
Step 1: A+ X — > C+ AX (intermediate compound) 
Step 2: AX +B —> D+X 


2. Adsorption theory: A later theory explained the mechanism for heterogeneous catalytic action and the theory has 
been further modified over the years to explain the observed characteristics of catalytic reactions. According to 
this theory, the surface of the catalyst has active sites on which one or more reactants get absorbed in the form of 


a unimolecular layer because of some unsatisfied valence forces of the catalyst. If both the reactant molecules are 
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absorbed on the surface, the reaction takes place readily due to the close proximity of the reactants. If one reac- 
tant molecule is attached to the surface, it may be hit by the other reactant moving freely as a gas or liquid. The 
products formed are desorbed, that is, they leave the surface of the catalyst which is regenerated and the active 
sites are again available for reaction. The steps involved in the mechanism of heterogeneous catalysis are listed as 
follows: 


(a) Diffusion of the reactant molecules on the surface of the catalyst. 
(b) Adsorption of reactant molecules at the active sites on the surface of the catalyst. 


(c) Formation of an intermediate complex between a reactant and the catalyst. Further reaction of the intermedi- 
ate complex with the other reactant to form products. 


(d) Desorption of the products from the surface of the catalyst and regeneration of the catalyst. 
(e) Diffusion of reaction products away from the surface of the catalyst. 
Combination of the two theories: Both the above theories were combined to describe the catalytic action. 


(a) The catalyst provides an alternative path for a reaction by reacting with the reactants to form an adsorbed 
activated complex. The reaction proceeds through lowering of activation energy. 


(b) The active centers on the surface of the catalyst play an important role in governing the amount of adsorp- 
tion. The number of active sites can be increased by powdering the catalyst and increasing its surface area, by 
increasing the roughness of the catalyst’s surface, or by preparing the catalyst in colloidal form. The enhanced 
activity of finely powdered catalyst can be explained by the increased surface area and hence increased num- 
ber of active sites. Similarly, catalysts with rough surfaces are more effective due to greater number of active 
sites in the cracks, corners and breaks in the rough surface. 

(c) Many transition metals and their compounds act as catalysts. The catalytic activity is due to their ability 
to exhibit multiple oxidation states and to provide larger surface area for adsorption. They form unstable 


intermediate compounds and provide a new path with lower activation energy. For example, V,O, is used in 


Contact process to manufacture sulphuric acid. 


This mechanism accounts for most of the observed characteristics of the catalytic reactions and explains why the 
amount and composition of a catalyst remains unchanged at the end of the reaction. It, however, cannot explain the 


action of catalytic promoters and poisons. 


Solved Example | 13-20) 


Write the reaction in which bismuth molybdate is used 
as a catalyst. Explain which characteristic of catalyst is 
shown by this reaction. 


on the ability of oxomolybdenum species to cycle between 
the VI and IV oxidation numbers, in the process releasing 
and transferring an oxygen atom: 


Mo™'O, = Mo’0+0O 


Solution 
The reaction of oxidation of propene to acrolein and acry- H H 
lonitrile in the presence of bismuth molybdate Bi,(MoO,), ‘; _ a 
is shown in Fig. 13.10. H “ NG 

In this selective oxidation, the slow step that controls | oa H ae 2 1 — 
the overall reaction rate and which is desired to cata- eas ma 4 
lyze, is activation of the first C-H bond. With these two- | No —H 
component catalysts, the first step, breaking the C-H A | BOO I 

~~ BO ee 7 

bond, is catalyzed by the more basic oxide, for exam- 2* NH, ~ NC —C 
ple, bismuth oxide. Molybdenum is involved in the next No —-H 
step — activation of a second hydrogen and insertion of | 
an oxygen atom into the organic molecule. In this step, H 
molybdenum is reduced. Reduced molybdenum is re- Propene Acrylonitrile 
oxidized by oxygen from the feed. The catalysis depends Figure 13.10 
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13.8 | SHAPE-SELECTIVE CATALYSIS BY ZEOLITES 


Shape-selective catalysts are those catalysts whose reactions depend on the pore structure of the catalyst and the size 
of the reactant and product molecules. In such reactions, zeolites are commonly used as catalysts because the size of 
reactants and/or products selectively fit into the pores and cavities of the zeolite. 

Zeolites are naturally occurring hydrated aluminosilicates of the general formula M,,,[(AI1O,), - (SiO,),] -™H,O 
where 77 is the charge of the metal cation, M”. M is usually Na*, K* or Ca and m is the number of moles of water of 
hydration, which is highly variable. The characteristic of zeolites is the openness of the honeycomb-like [(AI,)O.,],, net- 
work. They consist of a three-dimensional network of silicates in which some sites have been replaced by aluminium 
atoms, giving rise to a AI-O-Si network. 

The zeolites have pores of various sizes and act as molecular sieves for the reactants. To achieve this, zeo- 
lites are heated in vacuum so that the water of hydration is lost. Once the water is removed, the zeolite structure 
becomes porous. The pore size in zeolites is generally in the range 260-740 pm. The size of the porous cavities 
influences the catalytic activity of the catalyst. Only those molecules can be adsorbed in the pores whose sizes are 
small enough. This facilitates the molecules to enter the cavities and leave easily. Hence, zeolites act as selective 
adsorbents. 

Zeolites are used for purification of water but their use as ion-exchange materials have been replaced by synthetic 
cationic and anionic exchange resins. However, they continue to be used as selective adsorbents for gases or liquids. 
A large number of zeolites are now prepared synthetically to meet specific catalyst requirements. For example, a syn- 
thetic zeolite ZSM-5 with formula Na,AlSi,,_,O,.,16H,O is specifically designed for use in petroleum industry. It is 
used to bring about dehydration of alcohols to convert them directly into a mixture of hydrocarbons that can be used 
as petrol with high octane number. 


Solved Example 13-21 


Some zeolites are used to separate long straight chain are very small in size can be adsorbed by them. The larger 
hydrocarbons from branched chain hydrocarbons in a_ molecules are not able to enter the pores. Thus, zeolites 
petrochemical industry. Explain how this separation is act as selective adsorbents or as molecular sieves. It is for 


possible. this reason that sodium aluminium silicate can absorb 
straight chain hydrocarbons and not branched chain or 
Solution aromatic ones. Hence, zeolites are used to separate long 


straight chain hydrocarbons from branched chain hydro- 


Zeolites are usually microporous. The pore size varies : Mee 
carbons in a petrochemical industry. 


between 260 and 740 pm. Thus, only the molecules that 


13.9 | ENZYME CATALYSIS 


Complex nitrogenous compounds which are produced by living plants and animals are known as enzymes. Enzymes 
are biological macromolecules, most being proteins or complex nitrogenous compounds, that catalyze numerous reac- 
tions in the bodies of animal and plants to maintain the life processes. They are thus called biochemical catalysts and 
their action is biochemical catalysis. Some examples of enzyme-catalyzed reactions include: 


1. Inversion of cane sugar into glucose and fructose with enzyme invertase: 


C,.H,,0,,(aq) + H,O Meta _, C,H,,0,(aq) + C,H,,0,(aq) 


Cane sugar Glucose Fructose 


2. Conversion of glucose into ethanol with enzyme zymase: 
CH,,0,(aq) = 9 2C, HOH (aq) + 2CO, (g) 


3. Conversion of starch into maltose with enzyme diastase: 
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2(C,H,,O;), (aq) +“H,O —Diastase_, nC,,H,,0,, (aq) 


tarch Maltose 


= 


. Hydrolysis of urea with enzyme urease: 


NH,CONH, (aq) + H,O(1) U8 5 2NH, (g) + CO, (g) 


a) 


. Conversion of milk into curd by lactobacilli enzyme present in the curd used for setting. 


Nn 


. Digestion of food by enzyme ptyalin in the saliva. 


~J 


. Conversion of proteins into peptides in the stomach with enzyme pepsin and conversion of proteins into amino 
acids in intestine with enzyme trypsin. 


Enzymes show far greater specificity for their reactants (called substrates) and for their products than shown by most 
chemical catalysts. For example, in the enzymatic synthesis of proteinspolypeptides consisting of well over 1000 amino 
acid residues are synthesized virtually without error. Similarly, the enzyme maltase catalyzes the reaction of maltose 
and water to form glucose but has no effect on the other two common disaccharides sucrose and lactose. 


Note: Common names for enzymes are formed by adding the suffix -ase to the root of the substrate name. For 
example, the derivations of maltase, sucrase and lactase from maltose, sucrose, and lactose. However, many enzymes 
particularly digestive enzymes, have common names such as pepsin, rennin, trypsin, and so on. 


Characteristic Features of Enzymes 
The characteristics of enzymes as catalysts are as follows: 


1. Enzymes show high specificities towards their physiological substrates; compounds that differ only slightly from 
the natural substrate are often not acted upon. 


2. The activity of many enzymes can be finely tuned in the presence of activators and coenzymes, allowing the 
metabolism to proceed at an optimal rate for the well-being of the organism. 


3. They have the ability to bring about vast increases in the rates of reactions; in most instances, the rates of enzyme- 
catalyzed reactions are faster than those of uncatalyzed reactions by factors of 10°-10'”. For example, the enzyme 
rate constant k,,, for decarboxylation of the amino acid arginine is 7 x 10" times larger than the rate constant for 
the spontaneous decarboxylation of amino acids. 


4. They are efficient as they permit reactions to take place at reasonable rates, even under the mild conditions that 
exist in living cells (i.e., approximately neutral pH and a temperature of about 35°C.) 


5. They are influenced by inhibitors and poisons. 


Mechanism of Enzyme Catalysis 


Louis Pasteur (1822-1895) was one of the first scientists to study enzyme-catalyzed reactions. He believed that 
living yeasts or bacteria were required for reactions such as conversion of glucose to alcohol by yeasts. In 1897, 
Eduard Biichner (1860-1917) made a cell-free filtrate that contained enzymes prepared by grinding yeast cells 
with very fine sand. The enzymes in this filtrate converted glucose to alcohol, thus proving that the presence 
of living cells is not required for enzyme activity. For this work, Biichner received the Nobel Prize in Chemistry 
in 1907. 

Enzymes act according to the following general sequence. Enzyme (E) and substrate (S) combine to form an 
enzyme — substrate intermediate (E — S). This intermediate decomposes to give the product (P) and regenerate the 
enzyme. The mechanism can be represented as 


k 
E+S = E-S ~ E+P 
keg 


The second step is the rate determining step, so, 
Rate = k[E-S] 
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For the hydrolysis of maltose, the sequence is 


Maltase + Maltose = Maltase — Maltose 


(E) (S) (E-S) 
Maltase — Maltose + H,O —> Maltase + 2Glucose 
(E-S) (E) (P) 


The steps involved in the enzyme catalyzed reactions are: 


1. The substrate is bound to the protein (generally all enzymes are proteins) and the reaction takes place at what is 
called the active site. The amino acids located in the active site are arranged so that they can interact specifically 
with the substrate. Non-covalent forces such as van der Waals forces, electrostatic forces, hydrogen bonding and 
hydrophobic interactions, bind the substrate to the active site. 

2. The enzyme and the substrate combine to form an enzyme-substrate complex. Formation of the complex often 
induces a conformational change in the enzyme that allows it to bind the substrate more effectively. This is called 
an induced fit. 

3. The binding of substrate causes certain of its bonds to become strained, and therefore, break more easily. The 
product of the reaction usually has a different shape from the substrate, and this altered shape causes the complex 
to dissociate to yield the product and regenerated enzyme. 


4. The enzyme can then accept another molecule of the substrate, and the whole process is repeated: 


Enzyme + Substrate < Enzyme — Substrate complex <> Enzyme + Product 


Lock-and-Key Hypothesis 


It was Emil Fischer’s discovery in 1894 of the ability of enzymes to distinguish between a- and B-glycosidic linkages 
that led him to formulate his lock-and-key hypothesis for enzyme specificity. According to this hypothesis, the specific- 
ity of an enzyme (the lock) and its substrate (the key) comes from their geometrically complementary shapes. 

Enzyme specificity is thus believed to be due to the particular shape of a small part of the enzyme, its active site, 
which exactly fits a complementary-shaped part of the substrate (see Fig. 13.11). When the substrate and the enzyme 
come together, they form a substrate-enzyme complex unit. The substrate, activated by the enzyme in the complex, 
reacts to form the products, regenerating the enzyme. 


«® 4% o° 


Products 


Te 


Substrate 


Enzyme Reaction complex Enzyme 


Figure 13.11 Enzyme-substrate interaction illustrating specificity of an enzyme by the lock-and-key model. 


Induced-Fit Model 


A more recent model of the enzyme-substrate catalytic site, is the induced-fit model. It visualizes a flexible site of enzyme- 
substrate attachment, with the substrate inducing a change in the enzyme shape to fit the shape of the substrate. This model 
allows for the possibility that in some cases the enzyme might wrap itself around the substrate and so form the correct 
shape of lock and key. Thus, the enzyme does not need to have an exact preformed catalytic site to match the substrate. 


Note: The flexible nature of enzyme helps explain enzyme binding specificity and the ability of enzyme to convert 
reactants into products. An enzyme is a dynamic catalyst. 
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Solved Example 13-22 


Give the names of the enzymes that catalyze the hydroly- Solution 


a a The enzymes are (a) urease, (b) invertase and (c) maltase. 


Solved Example 13-23 


Explain the enzyme action in hydrolysis of protein in due to both pepsin and HCl, and the peptide bonds are 


stomach and enzyme. broken. 
In the intestine, hydrolysis occurs due to diges- 
Solution tive enzymes trypsin and chymotrypsin, secreted by 
: eens ancreas and which reach the intestine through blood- 
In the stomach, the enzyme pepsin forms while its pre- ree g 


cursor pepsinogen reacts with HCl. Hydrolysis occurs 


13.10 | CATALYSTS IN INDUSTRY 


The presence of a catalyst is very useful in many industrial processes. The use of catalyst increases the rate of reaction 
and in many cases makes it proceed at lower temperature and pressure conditions, thus reducing the cost of produc- 
tion. A few examples of industrial applications of catalysts are given in the Table 13.3. 


Table 13.3 Catalysts used in some industrially important processes 


S. No. Process Catalyst 


il, Haber’s process of manufacturing ammonia Finely divided Fe and Mo as promoter 
N, +3H, > 2NH, 
Manufacture of vegetable ghee by hydrogenation of vegetable oil Ni 


Contact process of manufacturing sulphuric acid Pt 


Manufacturing methyl alcohol from water gas ZnO and Cr,O, as promoters 
CO+2H, — CH,OH 
5. Acetic acid from acetaldehyde WEO; 
2CH_ CHO BO} 2 Che COOH 


6. Manufacturing chlorine by Deacon’s process CuCl, 


4HCI+ 0, > 2H,0+2C1, 


7 Ostwald’s process of manufacturing nitric acid Platinized asbestos 


4NH, +50, > 4NO+6H,O 
2NO + O, > 2NO, 
4NO, +2H,0 + O, — 4HNO, 


8. Manufacturing hydrogen by Bosch’s process Fe,O, and Cr,O, as promoters 


COs lly dls) =(CO), 4 al, 
Water gas 
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Solved Example 13-24 | 


Name the process catalyzed by the following catalysts: Solution 
(a) [RhCl(PPh,),]; (b) TiCl, + Al(C,H,),; (c) Ru and (d) (a) [RhCI(PPh,),]: hydrogenation. 


nickel. 
(b) TiCl,+Al(C,H,),: polymerization 
(c) Ru: Haber—Bosch process. 
(d) Nickel: hydrogenation 


Solved Example 13-25 


Which catalyst is involved in thermite process? Solution 


In case of thermite process, which is highly exothermic no 
external catalyst is required. 


13.11 | COLLOIDS 


The word colloid, a name derived from the Greek kolla, meaning “glue,” and was coined by the English scientist 
Thomas Graham in 1861. It means a dispersion in which the dispersed particles are larger than the solute ions or 
molecules of a true solution and smaller than the particles of a mechanical suspension. The size of colloidal particles 
ranges from a lower limit of about 1 nm (107 cm) to an upper limit of about 100 nm (10° cm). Another important 
characteristic of colloids is that the particles have relatively huge surface areas. The diameter of the colloidal particle 
is about 1000 times that of the solute particle. Because the volumes of spheres are proportional to the cubes of their 
diameters, we can calculate that the volume of a colloidal particle can be up to a billion (10° x 10° x 10° = 10”) times 
greater than that of a solution particle. 


Note: The surface area is increased ten-fold when a 1 cm cube is divided into 1000 cubes with sides of 0.1 cm. When 
a 1 cm cube is divided into colloidal-size cubes measuring 10 cm, the combined surface area of all the particles 
becomes a million times greater than that of the original cube. 


Graham referred the colloid to substances that were unable to diffuse through semi-permeable membranes — because 
the particle size was too large. For example, milk is mainly water-based and contains water-soluble calcium com- 
pounds. A part of it is also made up of fat-based water-insoluble compounds. The fat particles remain dispersed in the 
milk and milk is hence a colloid. The water-based phase of milk is known as dispersal medium and the fat-based phase 
is known as dispersed medium. 

A colloid can thus be defined as a heterogeneous system in which one substance is dispersed (dispersed phase) as 
very fine particles in another substance called the dispersion medium. 

The same substance may exist as colloid under certain condition and as crystalloids under certain other condi- 
tions. When the size of the solute particle lies between 1 nm and 100 nm, it behaves as a colloid. Hence, we can say that 
colloid is not a substance but a state of the substance which is dependent on the size of the particle. A colloidal state 
is intermediate between a true solution and a suspension. For example, sulphur is a substance, but colloidal sulphur is 
sulphur dispersed in water, in which sulphur atoms combine to form multimolecules. 

The differences between a colloidal dispersion and a true solution are tabulated in Table 13.4. 


Table 13.4 Difference between colloid in true solution and colloidal solutions 


Property True solution Colloidal solutions 
Size of the particles <inm 1-100 nm 
Nature Homogeneous Heterogeneous 


(Continued) 
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Table 13.4 (Continued) 


Property True solution Colloidal solutions 

Filterability (diffusion Particles of true solution diffuse rapidly Colloidal particles pass through filter paper but 

through parchment paper) through filter paper as well as parchment paper. not through parchment paper. 

Visibility Particles of true solution are not visible to Colloidal particles are not seen to naked eye, 
naked eye. but can be studied through ultramicroscope. 

Tyndall effect True solution does not show Tyndall effect. Colloids shows Tyndall effect. 

Appearance Transparent Translucent 


Types of Colloids 


A colloid is a broad category of mixtures in which one phase is suspended in the other. They may be classified based 
on the physical state of particles in the dispersed phase and dispersion medium (Table 13.5); the nature of interactions 
between them; and size of particles of the dispersed phase. 


Table 13.5 Types of colloid dispersion 


Dispersed phase Dispersion medium Name Example 

Gas Gas -" = 

Liquid Gas Liquid aerosol Fog, perfume spray 

Solid Gas Solid aerosol Smoke, dust 

Gas Liquid Foam Fire extinguisher foam, shaving foam 
Liquid Liquid Emulsion Milk, mayonnaise 

Solid Liquid Sol, paste Toothpaste, crystallization 

Gas Solid Solid foam Expanded polystyrene, cushion foam 
Liquid Solid Solid emulsion (gel) Opal, pearl 

Solid Solid Solid suspension (sol) Pigmented plastics 


“A gas-in-gas system is not a colloid, it is a mixture. 
Colloids can be classified based on a number of criteria such as nature of dispersion medium, type of interaction 
between dispersion medium and dispersed phase and molecules of dispersed phase. 


I. Based on the dispersion medium: 


1. A gas suspended in a liquid or a solid is called foam. 

2. A liquid dispersed in a different liquid is called an emulsion. 

3. A solid or liquid suspended in a gas is known as aerosol. 

4. A solid suspended in a liquid is called a sol; when the dispersion medium is water, it may be termed as hydrosol. 


Note: Like milk, ice cream is also a colloid. It is both an emulsion and partially solidified foam. The solid part is a 
network of globules of emulsified fat and ice crystals. Air beaten into it forms solidified foam and imparts creamy 
texture to the ice cream. 


II. Based on the nature of interactions between the dispersed phase and dispersion medium: 


1. Lyophilic colloids: These are colloidal solutions in which the dispersed particles have strong affinity for the disper- 
sion medium. 
(a) In these systems, the colloidal particles pass readily into the dispersion medium by simple mixing 
(b) Ifthe dispersed phase is isolated by removal of dispersion medium, it is possible to reconstitute the colloidal 
solution simply by adding the dispersion medium again. They are, therefore, called reversible sols. In case of 
lyophilic colloids if we remove the dispersion medium completely by vaporization , only the colloidal particles 


or the dispersed phase wil ema h ese colloidal par icles ieee very strong interaction with the dispersion 
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medium. (It is a characteristic of lyophilic colloids that they form very stable colloid solutions.) Thus even 
when these colloid particles are added back to the dispersion medium, they readily form colloidal solutions. 


(c) Ifthe dispersion medium is water, the colloidal solution is called hydrophilic sol. 
(d) Some examples are starch, gum, gelatin, etc., dissolved in a suitable solvent. 


2. Lyophobic colloids: These are colloidal solutions in which the dispersed phase has a weak interaction with the 
dispersion medium are called lyophobic sols. 


(a) The dispersed phase does not like to get dissolved in dispersion medium so these are not formed by simple 
mixing of dispersed phase in dispersion medium and require special methods for their preparation. 


(b) These colloidal systems can be easily precipitated or coagulated by heating, shaking or addition of small 
amount of electrolytes. 


(c) The addition of dispersion medium to the precipitated colloidal particles does not reconstitute the colloidal 
sol again; hence these are called irreversible sols. In case of lyophobic colloids, the cohesive or interactive 
forces are very weak between the colloid particles/dispersed phase and dispersion medium. On removal of 
the dispersion medium from the colloidal solution, the colloid particles or the dispersed phase is separated. 
But when the colloidal particles are mixed again with the dispersion medium, they will not form the colloid 
solution due to further weakening of already weak force of attraction between the dispersed phase and the 
dispersion medium. 


(d) Ifthe dispersion medium is water, the colloidal solution is called hydrophobic sol. 


(e) Some examples are metals in water, metal sulphides in water, etc. 


Ill. Based on the types of molecules in the dispersed phase: 
This classification is based on the type of molecules in the dispersed phase and colloidal dimensions. 


1. Multimolecular colloids: In these colloids, the particles (atoms or small molecules) of the dispersed phase aggre- 
gate to form particles of colloidal size (diameter > 1 nm). Some examples are, a sol of sulphur containing S, 
molecules as multimolecular particles, a sol of aggregated As,S, molecules and gold sol in which atoms of gold 
are condensed to form multimolecular gold particles. Note that the term multimolecular does not refer only to 
molecules but also includes atoms and ions as aggregating particles. 


2. Macromolecular colloids: If the individual particles of the dispersed phase have dimensions similar to colloi- 
dal size, the dispersion is called macromolecular colloid. The articles of colloidal dimensions include naturally 
occurring molecules such as proteins, enzymes, cellulose, rubber, etc., and synthetic materials like polystyrene, 
polyethylene, synthetic rubber, etc. Proteins dissolved in water and rubber dissolved in benzene are examples of 
macromolecular colloids. 


3. Associated colloids: In these colloids, the dispersed phase is made up of particles that behave as regular electro- 
lytes at lower concentrations but aggregate at higher concentrations to form particles of colloidal dimension. The 
aggregated molecules, thus, formed are called micelles. On dilution, these aggregates revert back to their original 
electrolyte state. Two important characteristics of micelle formation are Kraft temperature (7,,), which is the 
temperature above which micelle formation takes place and critical micelle concentration (CMC), which is the 
concentration above which micelle formation takes place. The most common example of associated colloids are 
solutions of soap or detergent in water. 


Mechanism of Micelle Formation 


This is observed in substances such as soaps and detergents when dissolved in water. Soaps are sodium or potassium 
salts of long-chain carboxylic acids that can be represented as RCOO Na‘/K’, where R is a long-chain alkyl group, 
such (stearate, palmitate, etc. When dissolved in water, soap molecules break up into RCOO' and Na’ or K" ions. The 
RCOO ion contains both a hydrophilic(negatively charged carboxylate group) and a hydrophobic (long hydrocar- 
bon chain) group. The hydrophilic carboxylate group is soluble in water while hydrocarbon group is soluble in oils 
and greases. In dilute solutions, RCOO ions are oriented at the surface of water with their COO’ group in water and 
hydrocarbon chain away from it [Fig. 13.12(a)]. Except in very dilute solutions, soaps exists as micelles. Soap micelles 
are usually spherical clusters of carboxylate anions that are dispersed throughout the aqueous phase. The carboxylate 
anions are packed together with their negatively charged (and thus, polar) carboxylate groups at the surface and with 
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their non-polar hydrocarbon chains on the interior. The sodium ions are scattered throughout the aqueous phase as 
individual solvated ions [Fig. 13.12(b)]. 
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Figure 13.12 (a) RCOO ions in dilute soap solution. (b) A portion of a soap micelle showing 
its interface with the polar dispersing medium. 


Micelle formation accounts for the fact that soaps dissolve in water. The non-polar (alkyl chains of the soap remain in 
a non-polar environment — in the interior of the micelle. The polar carboxylate groups are exposed to a polar environ- 
ment — that of the aqueous phase. Since the surfaces of the micelles are negatively charged, individual micelles repel 
each other and remain dispersed throughout the aqueous phase. Synthetic detergents function in the same way as 
soaps; they have long non-polar alkane chains with polar groups at the end. The polar groups of most synthetic deter- 
gents are sodium sulphonates or sodium sulphates. 


Solved Example | 13-26 | 


Classify the following as multimolecular, macromolecu- Solution 
lar and associated colloids: (a) sulphur, (b) rubber in ben- 


vetie, de) soap ti water and Gly wold sol, (a) Sulphur — multimolecular colloids 


(b) Rubber in benzene — macromolecular colloids 
(c) Soap in water — associated colloid 
(d) Gold sol — multimolecular colloid 


Solved Example | 13-27 | 


Why is a colloidal sol stable? charge, and in addition, they are heavily solvated and the 
solvent layer surrounding them prevents them to come 
Solution into intimate contact with each other. Hence their coagu- 


lation is prevented. For example, when sodium chloride is 
added to a gold sol, it gets precipitated. However, when 
sodium chloride is added to a colloidal solution of gelatin, 
its particles are not precipitated. This is because the water 
layer around gelatin particles does not allow Na’ ions to 
penetrate and destroy the charge on gelatin particles. 


Hydrophobic sols are stabilized by the presence of like 
charges on colloidal particles. Due to the presence of 
like charges, colloidal particles repel each other and 
move away from each other; and thus do not coalesce to 
form bigger aggregates. However, the coagulation begins 
immediately on the removal of the charge. Stability of lyo- 
philic colloids is for two reasons. Their particles possess a 
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Solved Example | 13-28 | 


Colloid is not a substance but a state of substance. Justify. 1 nm and 100 nm, it behaves as a colloid. Hence, we can 

say that colloid is not a substance but a state of the sub- 
Solution stance which is dependent on the size of the particle. A 
colloidal state is intermediate between a true solution 
and a suspension. For example, sulphur is a substance, but 
colloidal sulphur is sulphur dispersed in water, in which 
sulphur atoms combine to form multimolecules. 


The same substance may exist as colloid under certain 
condition and as crystalloids under certain other condi- 
tions. When the size of the solute particle lies between 


13.12 | PREPARATION OF COLLOIDS 


The methods for preparation of colloids depend on the nature of colloidal particles constituting the dispersed phase. 


1. Some colloids, such as lyophilic colloids can be formed by dissolving the colloidal particles in dispersion medium. 
For examples, sols of gum, starch, gelatin, may be prepared in this manner. Solutions of colloidal electrolytes such 
as soap and dyes can also be prepared by simple dissolution of the particles in dispersion medium. 


2. Substances that do not disperse easily in dispersion medium, that is, lyophobic sols need special methods for for- 
mation of their colloidal solutions. 


Lyophobic sols can be prepared by either by breaking down the bulk particles to finer colloidal size particles (disper- 
sion method) or aggregating the molecular dimension particles to form aggregates of colloidal size (condensation 
method). A third substance, called stabilizer, is sometimes added to stabilize the lyophobic sol. 


Dispersion Methods 


1. Mechanical dispersion: This involves mechanical grinding of the particles to be dispersed to almost colloidal 
dimensions and then mixing them with dispersion medium to obtain a suspension. The suspension is then run 
through a colloid mill which consists of two metal discs held some distance apart and capable of revolving at a 
high speed in opposite directions. This process grinds the particles to colloidal size and these get dispersed in the 
solution. A stabilizer can be added for stabilization, For example, a colloidal solution of graphite and printing ink 
is made using this method and tannin is added as the stabilizer. 


2. Ultrasonic dispersion: In this method, ultrasonic waves of high frequency are used to disperse the particles to col- 
loidal state. For example, mercury, sulphur and sulphides of metals can be dispersed using this method. 


3. Electrical disintegration or Bredig’s are method: This method is used for preparation of colloids of metals such as 
gold, silver, copper, platinum, etc. In this method, the metal that needs to be dispersed is made into two electrodes 
and dipped in the dispersion medium. An electric arc is struck between the electrodes and the heat generated by 
the arc vaporizes the metal. These vapors condense when they come in contact with dispersion medium cooled in 
an ice-bath and form colloidal particles that get dispersed to form a sol (Fig. 13.13). 


4. Peptization: This is a process wherein a freshly generated precipi- ® 
tate is converted into a colloidal sol by shaking it in dispersion 
medium in the presence of an electrolyte which is called peptizing 
agent. For example, a dark red colored sol of Fe(OH), is obtained 
when freshly prepared precipitate is treated with small amount of 
FeCl, solution. The precipitate adsorbs the Fe™ ions from the elec- Dispersion medium 
trolyte on its surface and develops positive and negative charges. 
This causes the precipitate to disintegrate into particles of colloi- 
dal size. In certain cases, the dispersion medium may act as pep- 
tizing agent causing the precipitate to disperse in it. For example, 
ethanol used as dispersion medium causes dispersion of cellulose Figure 13.13 Electrical disintegration 
nitrate. or Bredig's arc method. 


Electrodes © 


Ice bath 
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Condensation Methods 


1. Physical methods: These methods include techniques like solvent exchange (i.e., taking the solution in one solvent 
and pouring it into the other), excessive cooling or condensation of vapors. Examples of each type are: 
(a) A colloidal solution of sulphur or phosphorus is obtained by pouring the alcoholic solution of these elements 
into water. 
(b) When a mixture of ice and chloroform undergoes sudden cooling to very low temperatures, ice crystal are 
obtained as colloidal dispersion in chloroform. 


(c) Metal sols of metals with low melting points can be prepared by passing and collecting their vapor in cold water. 


2. Chemical methods: In this method, the colloidal molecules or aggregates are formed by means of chemical reac- 
tions such as decomposition, hydrolysis, oxidation or reduction. Some examples of each type are: 


As,O, +3H,S Double decomposition As,S, +3H,O 


Yellow sol 


FeCl, + 3H,O —24048's_, Fe(OH), + 3HCI 


SO, +2H,S OSSD 3S + 3H,O 
[e} 


DAUCL + 3S uC — Ea 9s BSC FA 


Solved Example 13-29) 


How are the following sols in water prepared: (a) Sulphur H,S+2HNO, > 2H,O0+2NO, +S 
‘ aoe: 
anchapy temic hydroxide) (b) Fe(OH), sols are obtained by hydrolysis of FeCl,. 


Solution FeCl, +3H,O > Fe(OH), +3HCl 


(a) Sol of sulphur is prepared when HS gas is bubbled 
through solution of an oxidizing agent such as bro- 
mine H,O or nitric acid, etc. 


13.13 | PURIFICATION OF COLLOIDAL SOLUTIONS 


The colloidal sols prepared generally contain some impurities which depend on the process used for the preparation of col- 
loids. These impurities are generally electrolytes that destabilize the colloid causing it to coagulate. In the case of colloidal 
solution being used as medicines, these impurities may be harmful. It is important to purify the colloidal solution to reduce 
the level of these impurities to minimum. Some important methods used for purification of solids are discussed as follows. 


1. Dialysis: Thomas Graham found that a parchment 
membrane would allow the passage of true solu- 
tions but would prevent the passage of colloidal 
dispersions. Dissolved solutes can be removed 
from colloidal dispersions through the use of  Crystalloid 
such a membrane by a process called dialysis. The , | — Colloidal solution 
membrane itself is called a dialyzing membrane. Water —> —~ 7 
Artificial membranes are made from materials 
such as parchment paper or certain kinds of cel- 
lophane. Dialysis can be demonstrated by putting a colloidal starch dispersion and some copper(II) sulphate solu- 
tion in a parchment paper bag and suspending it in running water. In a few hours, the blue color of the copper(II) 
sulphate has disappeared, and only the starch dispersion remains in the bag (Fig. 13.14). 


Dialyzing membrane 


— va (semipermeable) 


__>—>Water + Crystalloid 


Figure 13.14 Demonstration of dialysis. 
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2. Electrodialysis: The process of dialysis is generally slow and can be made faster by applying an electric field. The 
process is then called electrodialysis and is applicable to impure colloidal solutions that have ions (electrolyte) as 
impurities. In this process, the two electrodes are placed in a compartment containing water and the colloidal solu- 
tion placed in a bag of suitable membrane. When current is passed, the ions are attracted by the oppositely charged 
electrodes and removed (Fig. 13.15). 


3. Ultrafiltration: This process involves removal of 
impurities from colloidal solutions by filtering 
through specially prepared filter papers. These 
filter papers are prepared in a manner that they 
are permeable to all substances apart from the 
colloidal particles. The ordinary filter papers can- Distilled water 
not be used for this process because their pores 
are very large and permit passage of colloidal 
particles. So they are impregnated with collodion 
solution (4% solution of cellulose nitrate in 
alcohol + ether), hardened using formaldehyde, 
dried and then used for ultrafiltration. Filter papers of desired pore size can be obtained by using solutions of dif- 
ferent concentration of collodion. The process of ultrafiltration is also slow and can be made faster by applying pressure. 


Solved Example | 13-30) 


What happens when persistent dialysis of a colloidal solu- Solution 
tion is carried out? 


Cathode 2 > Anode 
<— Water 


Impure sol 
Funnel 


Water + Electrolyte <— Dialyzing membrane 


Figure 13.15 Electrodialysis. 


The stability of colloidal sols is due to the presence of 
a small amount of electrolyte. If the electrolyte is com- 
pletely removed by persistent dialysis, the particles left 
will get coagulated. 


Solved Example 13-31 | 


Frequently, preparation of a colloid such as a proteincanbe Solution 


: Seta ner ee 
made more stable if the colloid is dialyzed. Why is this so? This 4s becwuse dialysis helps da somonine undesiable 


ions from a colloidal preparation, which tend to destabi- 
lize the colloid. 


Solved Example | 13-32 


Which method is employed in separation of plasma Solution 


roteins? : fk ; i é 
P Plasma proteins can be divided into various fractions 


using electrodialysis. 


13.14 | PROPERTIES OF COLLOIDAL SOLUTIONS 


1. Colloidal solutions are heterogeneous in nature because they are made of two different phases, that is, the dis- 
persed phase and dispersion medium. 

2. Particles with diameter less than 200 um cannot be seen by naked eye. Since the upper size range of colloidal par- 
ticles is 100 nm, these are not visible to the naked eye. The size and shape of colloidal particles can be determined 
using scanning electron microscope (SEM); transmission electron microscope (TEM) and scanning transmission 
electron microscope (STEM). 
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3. The surface area of particles in colloidal state is considerably larger than the area of the substance as a solid mass. 
This increased surface area is responsible for the tendency of colloids for adsorption. 


4. Surface tension and viscosity of lyophobic sols is the same as that for pure solvent. However, in lyophilic sols the 
viscosity is higher than the pure solvent and surface tension is lower. 


5. Colligative properties: In colloidal solutions, smaller particles (atoms/molecules) aggregate to form bigger parti- 
cles of colloidal dimension. Hence, the number of particles in colloidal solution is effectively reduced as compared 
to what it would be in a true solution. We know that the colligative properties of solutions (osmotic pressure, 
lowering of vapor pressure, boiling point elevation or freezing point depression) depend on number of particle of 
solute. As a result, in colloidal solutions, the values of colligative properties is of lower order as compared to true 
solutions of same concentration. 


6. Brownian movement: In 1827, while observing a strongly illuminated 
aqueous suspension of pollen under a high-powered microscope, Robert 
Brown (1773-1858) noted that the pollen grains appeared to have a trem- 
bling, erratic motion. He later determined that this erratic motion is not 
confined to pollen but is the characteristic of colloidal particles in general. 
This random motion of colloidal particles is called Brownian movement. 
The dispersed particles appear as tiny randomly moving lights because 
the light is reflected from their surfaces. This motion is due to the con- 
tinual bombardment of the dispersed particles by the dispersion medium 
(Fig. 13.16). 

The Brownian movement is observed in all colloidal solutions and is 
independent of the nature of colloidal particles. It, however, varies with 
the size of the particles and viscosity of the solution. Smaller particles 
with lower viscosity show faster movement. 


Figure 13.16 Brownian movement. 


7. Tyndall effect: When an intense beam of light is passed through an aqueous solution of copper nitrate and viewed 
at an angle, the beam passing through the solution is hardly visible. A beam of light, however, is clearly visible 
and sharply outlined when it is passed through a colloidal dispersion. This phenomenon is known as the Tyndall 
effect. This effect, like Brownian movement, can be observed in nearly all colloidal dispersions. It occurs because 
the colloidal particles are large enough to scatter the rays of visible light. The ions or molecules of true solutions 
are too small to scatter light and therefore do not exhibit a noticeable Tyndall effect. 


Note: Tyndall effect is also observed in suspensions but is less prominent than in colloidal solutions. This is due 
to the large particle size of the suspensions which causes multiple deflections from the surface and thus diffuses 
the effect. 


This phenomenon was first discovered by Faraday and later studied by Tyndall. The colloidal particles absorb 
the incident light and then scatter it and thus get illuminated. The path of light through the colloidal solution when 
observed by a microscope appears as a bluish cone that is known as Tyndall cone. The scattering of light is a func- 
tion of the wavelength of the incident light and the angle between incident and scattered light. The conditions 
necessary for observation of Tyndall effect are: (a) The diameter of the particles should be of the order of wave- 
length of light used and (b) the refractive indices of the dispersed phase and the dispersion medium should be 
vastly different (Fig. 13.17). 


Note: Lyophobic colloids have higher refractive index, thus Tyndall effect is more prominent in lyophobic 
colloids as compared to lyophilic colloids. 


Note: A beam of light is visible in a colloidal solution but not in a true solution. The size of particles in the 
colloid is large enough to scatter the light beam and make it visible. 
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Some examples of Tyndall effect are as follows: 


(a) 


(b) 


(c) 


When a car headlight is shone directly on a 
blanket of fog or mist, the light is scattered 
and a blinding effect is observed. However, if 
yellow or amber fog lights are used, light scat- 
tering actually improves visibility in fog. This 
is because in increasing intensity results in 
increased scattering, whereas by eliminating 
shorter wavelengths (violet, indigo and blue) 
the scattering effect is reduced. 


In a cinema hall, during the projection of the 
film on the screen, the path of light can be seen 
due to Tyndall effect. The light is scattered by 
the dust and smoke particles in the air. 


Milk has a cloudy appearance due to scattering 
of visible light by the suspended fat globules. 
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10. 


(b 
(c 


~~ SS 


(d) 


Positively charged: Fe,O, - xH,O/Fe* 
Negatively charged: Fe,O, - xH,O/OH and As,S,/S~ 


Note: Colloidal particles become electrically charged when they adsorb ions on their surface. Each col- 
loidal particle is surrounded by an electrical double-layer. 


Once the colloidal particle has acquired positive or negative charge, it has a tendency to attract the oppo- 
sitely charged ions from the solution to form a layer around it. This results in a combination of two layers of 
charges around the colloidal particle known as Helmholtz electrical double layer. The first layer of charges is 
firmly held to the colloidal surface while the second layer of charge is diffused. A potential difference is set up 
between the two layers because of the fixed and diffused charges of opposite signs and is known as electro- 
kinetic potential or zeta potential. 


Electrons are captured during the electrode dispersion of metals in Bredig’s arc method. 


Dissociation of ions from surface of colloids. For example, when soap is dissolved in water, it dissociates to 
form ions (RCOO and Na‘/K’). The positive ions pass into the solution and carboxylate ions form negatively 
charged colloidal particles (micelles). 


The presence of acidic and basic groups in the colloidal particles, such as proteins, leads to formation of posi- 


tively and negatively charged solutions in acidic and basic medium, respectively. 


Electrophoresis: It is the phenomenon of migration of 
colloidal particles towards oppositely charged electrodes 
under the influence of applied electrical potential. The 
negatively charged particles move towards anode and 
positively charged particles move towards cathode. This 
property thus helps us to determine the nature of charge 
on the colloidal particles. The phenomenon can be demon- 
strated experimentally by taking the colloidal solution of 
Fe(OH), in a U-tube and dipping two platinum electrodes 
into the two arms (Fig. 13.18). The intensity of color of 
solutions in each arm is the same. However, when current 
is passed for an interval of time, the intensity of the color 
increases near the negative electrode. This shows move- 
ment of colloidal particles towards negative electrode and 
hence its positive nature. 


Initial level 


Water 
(dispersion medium) 


Reservoir of colloidal sol 


> = 


Colloidal solution 


Tt 
a 


Figure 13.18 Electrophoresis. 


If the movement of colloidal particles under the effect of electric field is prevented by some method (such 
as use of porous diaphragm), it is found that the dispersion medium begins to move towards the electrodes. This 
migration of dispersion medium (solvent) under the effect of electric field is known as electro-osmosis. We can 
also determine the nature of charge on colloidal particles from the process of electro-osmosis. 


Solved Example | 13-33 | 


AgNO; 


A colloidal solution of AgI is prepared by two different 
methods as shown in the Fig. 13.19: 


(a) What is the charge on Ag] colloidal particles in the 
two tubes (A) and (B)? 


(b) Give reason for the origin of charge in the figure. 


Kl 


Figure 13.19 
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Solution (b) When AgNO, is added to KI, AglI is precipitated 

: which adsorbs I ions from KI and thus forms nega- 
oe nunes (A) and (B) pica - tively charged sol AgI:. When KT is added to AgNO, 
(A) negatively charged sol—Agl:I’ and (B) positively solution, positive sol is formed due to adsorption of 
charged sol - Agi: Ag Ag’ ions from AgNO. 


Solved Example 13-34 | 


Why is Tyndall effect not shown by true solutions? cannot reflect light. This effect can therefore be used to dis- 
tinguish between a true solution and a colloidal solution. 
Solution 


Tyndall effect is not shown by true solutions because the 
ions or solute molecules are of such minute sizes that they 


Solved Example | 13-35 


What is the charge of colloidal particles in (a) soap sol; (c) Metallic hydroxide sols like haemoglobin are posi- 


(b) gold sol; (c) haemoglobin; (d) starch; (e) prussian blue tively charged. 
dye; (f) rain water? (d) Starch, gum are negatively charged sols. 
fie (e) Basic dyes like Prussian blue are positively charged. 
anion (f) Rainwater contains impurities, which bear a negative 
(a) Colloidal particles of soap solution in water are neg- charge. When raindrops are broken in a vertical blast 
atively charged. on striking against each other, they develop a nega- 
(b) All metallic sols are positively charged sol, for exam- tive charge, if the concentration of impurities is more 
ple, gold sol. than 5 x 10°%. 


13.15 | COAGULATION OR PRECIPITATION AND HARDY-SCHULZE RULE 


The stability of colloidal solutions is due to presence of similar and equal charges on the particles that prevents the 
particles from coalescing. If this charge is removed or neutralized in some manner, the particles approach each other 
and aggregate to form a precipitate. The colloid is said to be broken when the dispersion medium no longer suspends 
the dispersed phase. Coagulation is a process which involves coming together of colloidal particles so as to change 
into large-sized particles which ultimately settle as a precipitate or float on the surface. The various ways in which the 
colloidal particles may be coagulated are listed discussed below for lyophobic and lyophilic sols. 


Coagulation of Lyophobic Sols 
It can be carried out by using the following methods. 


1. By dialysis: We have learnt that dialysis may be used for purification of colloidal solutions to remove the presence 
of ions. However, if by prolonged dialysis all the ions present in the colloidal solution are removed, the colloidal 
particles settle as a precipitate. 


2. By mixing oppositely charged colloidal solutions: When two oppositely charged sols are mixed in equal propor- 
tions, their charges get neutralized and coagulation takes place. This process is known as mutual coagulation. For 
example, when negatively charged arsenious sulphide sol is mixed with positively charged ferric hydroxide sol, 
both are precipitated. 
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3. By electrophoresis: In this process, the charged particles moving towards oppositely charged electrodes may get 
discharged and precipitate out. 


4. By boiling: When the colloidal solution is boiled, the number of collisions between the dispersion medium and 
the charged layer on the colloidal surface increases. This reduces the charge on the particles leading them to 
coagulate. 


5. By addition of electrolytes: The addition of an electrolyte causes precipitation of sols. The addition of electro- 
lyte itself is not responsible for the coagulation. Instead the presence of ions which carry a charge opposite to 
that on the colloidal particles is responsible for its precipitation. This is because when these ions are added in 
excess; the oppositely charged ions present on the surface of the colloidal particles are neutralized, leading to 
coagulation. 


The minimum concentration of electrolyte (in millimoles) required to bring about the coagulation of one liter of col- 
loidal solution in two hours is called its coagulation or flocculation value. The reciprocal of coagulation value is the 
coagulating power of the coagulating or flocculating electrolyte. Comparison of coagulation power of different elec- 
trolytes has shown that greater the valence of the flocculating ion added, greater is its power to cause precipitation; this 
is known as Hardy-Schulze rule. Thus, the coagulating powers of anions follow the order: PO} >SO{ > Cl-. Similarly, 
coagulating power of the cations follow the order: Al* >> Mg™* > Na’. 


Coagulation of Lyophilic Sols 


In addition to the presence of charged particles, the stability of lyophilic sols also arises due to solvation of particles. 
Thus for coagulating a lyophilic sol both these stabilizing factors need to be removed. Addition of solvents such as 
acetone and alcohol dehydrate the solvated ions of the dispersed phase and addition of small amounts of electrolyte 
then causes the colloidal particles to coagulate. 


Hardy-Schulze Rule 


The coagulation capacity of different electrolytes is different. It depends on the valence of the active ion called floc- 
culating ion, which is the ion carrying charge opposite to the charge on the colloidal particles. According to Hardy— 
Schulze rule, greater the valency of the active ion or flocculating ion, greater will be its coagulating power. Thus, 
Hardy-Schulze law states: 


1. The ions carrying the charge opposite to that of sol particles are effective in causing coagulation of the sol. 


2. Coagulating power of an electrolyte is directly proportional to the valency of the active ions (ions causing coagu- 
lation). For example, to coagulate negative sol of As,S,, the coagulation power of different cations has been found 
to decrease in the order as, Al* > Mg* > Na’. Similarly, to coagulate a positive sol such as Fe(OH),, the coagulating 
power of different anions has been found to decrease in the order: [Fe(CN),]* > PO} > SO7 > CT. 


Drawback: Hardy-—Schulze law takes into consideration only the charge carried by an ion, not its size. The smaller the 
size of an ion, the more will be its polarizing power. Thus, Hardy—Schulze law can be modified in terms of the polar- 
izing power of the flocculating ion. Thus, the modified Hardy—Schulze law can be stated as “the greater the polarizing 
power of the flocculating ion added, the greater is its power to cause precipitation”. 


Solved Example | 13-36 | 


Which one of the following electrolytes is most effec- Solution 
tive for the coagulation of Fe(OH), sol and why: NaCl, 


Na.SO..Na.PO? To coagulate a positive sol such as Fe(OH),, the coagulat- 
qo'4 3 4° 


ing power of different anions has been found to decrease 
in the order: PO} > SO? > CI. This is because the coagu- 
lating power of an electrolyte is directly proportional to 
the valence of the active ions (ions causing coagulation). 
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Solved Example | 13-37 | 


Which of the following will have a lower coagulating Solution 
value in coagulating Fe(OH), sol and why: Na,SO, or 


o= . 4- 
K,{Fe(CN),]? SO; has lower coagulating value than Fe(CN),; because 


according to Hardy-Schulze rule, the more is the charge 
on the anion, the more is its coagulating value or in other 
words, less is the charge on the anion, lower is its coagu- 
lating value. 


Solved Example 13-38 | 


Compare the coagulating power of AICI, with that of Coagulating power of Coagulation value of 
NaCl. Given that their coagulation values are 0.093 AICL, _ NaCl 
and 52, respectively. Coagulating power of Coagulation value of 
NaCl AICI, 
Solution 
52 
Coagulating power is inversely proportional to the coag- ~ 0.093 559 


ulating value. So, 
which means that AICI, has 559 times greater coagulation 
power than NaCl. 


13.16 | PROTECTION OF COLLOIDS 


Lyophilic sols show greater stability than lyophobic sols due to salvation of particles by the dispersion medium. These 
sols can be added to lyophobic sols to protect them from coagulating in presence of added electrolyte. The lyophilic 
sol particles form a protective layer around the lyophobic colloidal particles thus protecting them from electrolytes. 
Such lyophilic colloids are known as protective colloids. Some examples include addition of gelatin in preparation of 
ice cream and addition of gum Arabic in India ink. 

The protective power of lyophilic solution is expressed 
in terms of gold number. Gold number is the number of 


milligrams of the protective colloid that will just prevent Rei 6 Sole name) Otome pratense 


the coagulation of 10 ml of a gold sol on the addition of _Protective colloid Gold number 
1 ml of 10% sodium chloride solution. The smaller the Gelatin 0.005—-0.01 
value of gold number, the greater is the protecting power §_Casseum 0.01-0.02 
of the protective collloid. Therefore, the reciprocal of gold Haemoglobin 0.03-0.07 
number is a measure of the protective power of a colloid. = Ajpumin 0.1-0.2 
For example, Gelatin with lowest gold number (0.005) is Gum Arabic 0.15-0.25 


considered the best protective colloid. The gold number 
of some of the protective colloids are listed in Table 13.6. 


Solved Example | 13-39) 


The coagulation of 100 mL of a colloidal solution of gold Solution 


is completely prevented by adding 0.08 g of starch to it ‘ _ _ 
before adding 10 mL of 10% NaCl solution. What is the ae onsiarey advorbes Cin Oa nes 1000S 


_ 
eo aune rors Gold number = 80 x 10% (NaCl) = 80 x 10/100 = 8. 


Starch 20-25 
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Solved Example | 13-40) 


Gold number of gum Arabic is 0.15. What is the amount 
of gum Arabic required to protect 100 mL of red gold sol 
from coagulation by 10 mL of 10% NaCl solution? 


Solution 


(d) Gold number is the minimum amount of lyophilic 
colloid in milligrams which prevents the coagulation of 


10 mL gold sol against 1 mL of 10% NaCl. Therefore, 
1.5 mg will be used. 


Solved Example 


How can lyophobic sols be protected by the addition of has been observed that lyophilic sols protect a lyophobic 


lyophilic sols? 
Solution 


It is known that lyophobic sols are unstable. A lyophobic 
sol may be protected by the addition of a lyophilic sol. It 


13.17 | EMULSIONS 


An emulsion is prepared by shaking strongly the mixture 
of the two liquids or by passing the mixture through a col- 
loid mill known as the homogenizer. The emulsions thus pre- 
pared from pure liquids are usually not stable and the two 
liquids separate out on standing. To get a stable emulsion, 
small quantities of certain other substances are added during 
preparation. The substances thus added to stabilize the emul- 
sions are called emulsifiers or emulsifying agents. An emulsi- 
fier (also known as an emulgent) stabilizes an emulsion by 
increasing its kinetic stability. The substances commonly used 
as emulsifying agents are soaps of various kinds, long-chain 
sulphonic acids or lyophilic colloids such as proteins, gum, and 
agar. 

Generally, one of the liquid dispersed is water and based on 
that we can have two types of emulsions (Fig. 13.20): 


1. Oil-in-water (o/w): Oil droplets dispersed in water. 
Examples are milk and vanishing cream. Most oil-in-water 
emulsions have a creamy texture. 


2. Water-in-oil (w/o): Water droplets dispersed in oil. 
Examples of water in oil emulsions are butter, cold cream 
and cod liver oil. Most water-in-oil emulsions are greasy. 


The tests for emulsion type (w/o or o/w emulsions) are as 
follows: 


1. Dilution test: Based on the solubility of external phase of 
emulsion, o/w emulsion can be diluted with water and w/o 
emulsion can be diluted with oil (Fig. 13.21). 


2. Conductivity test: Water is a good conductor of electricity, whereas 
oil is non-conductor. Therefore, continuous phase of water runs 
electricity more than continuous phase of oil. The bulb glows with 
o/w emulsion, but does not glow with w/o emulsion (Fig. 13.22). 


3. Dye-solubility test: Water-soluble dye will dissolve in the aqueous 
https://Atelegram.me/unacademyplusdiscounts Figure 13.22 Conductivity test. 


phase. 


sol by preventing it from coagulating in the presence of 
an electrolyte. A possible reason might be that the lyo- 
philic colloidal particles form a protective layer around 
the lyophobic particles. 


Oil droplets 
(dispersed phase) 


Water droplets 
(dispersed phase) 


Water Oil 
(dispersion medium) (dispersion medium) 


(a) (b) 
Figure 13.20 Types of emulsions. 


Few drops 
of water 
Water distributes 
/ uniformly | —~» o/w emulsion 
——= 
Few drops Water separates : 
ofemulsion out as layer ——> w/o emulsion 


Figure 13.21 Dilution test. 


Bulb 


Electrode 
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13.18 | Role of Colloids in Natural Phenomena and in Industry 


Emulsification and De-Emulsification 


Emulsions of oil-in-water type are unstable and substances called emulsifying agents or emulsifiers are added 
during the preparation of the emulsions to stabilize them. Milk is an unusual emulsion that is stable because it 
contains the naturally occurring protein called casein as emulsifier. Molecules of the emulsifying agent stabilize 
the colloid by adsorbing to the interface separating the minute particles of oil dispersed in water-oil dispersion. 
An emulsifier facilitates the dispersion of one liquid into another. Oil particles surrounded by sheath of emulsifier 
are able to overcome the usual repulsions experienced between oil and water medium and can stay dispersed in 
the dispersion medium for a longer period of time. Commonly used emulsifying agents for oil-in-water disper- 
sions are soaps, proteins, gums, etc. and for water-in-oil dispersions are long-chain alcohols, metal salts of fatty 
acids, etc. 


Note: Paints are emulsions that consist of pigments bound in synthetic resins such as urethane, which forms an 
emulsion in water. The water evaporates during the drying of paint. 


Emulsions can be broken into constituting particles by heating, freezing, mechanical methods and centrifuging. The 
process of decomposition of an emulsion into its constituent liquids is called demulsification. Examples of demulsi- 
fiers are surfactants, ethylene oxide, etc. The emulsions can be diluted by addition of dispersion medium; however, 
additional dispersed liquid when added forms a separate layer. These also show mechanical properties of colloidal 
solutions such as Brownian motion and Tyndall effect. The oil droplets in emulsions are generally negatively charged, 
so emulsions can also be precipitated by addition of electrolytes. 


Solved Example 13-42 | 


The conductance of an emulsion increases on adding conductivity of the aqueous solution and conversely the 
common salt. What type of emulsion is this? electrical stability/resistivity of such an aqueous solution 
; will decrease. 

Solution 

This is oil-in-water type emulsion. Adding an electro- 
lyte such as salt to water will increase the electrical 


Solved Example 13-43 | 


Why do oil particles remain dispersed in the dispersion (e.g., proteins, gums) which imparts stability to it by form- 
medium for a longer period of time? ing interfacial film between the suspended particles and 


Solution the medium. 


Oil particles remain dispersed in the dispersion medium 
for a longer period of time because of emulsifying agent 


13.18 | ROLE OF COLLOIDS IN NATURAL PHENOMENA AND IN INDUSTRY 


Some interesting examples of colloids around us are listed as follows: 


1. Colloids in nature: Many natural phenomena and occurrences are examples of colloids. These include: 

(a) Blue color of sky: The brilliant blue color of the sky is due to scattering of light (Tyndall effect) by the dust 
and water particles that are dispersed in the atmosphere. Similarly, sea water appears blue due to scattering 
of light by the colloidal impurities present in sea water. The color appears blue because of the scattering of 
the blue or shorter wavelength of light. 
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(b) Color of sunset and sunrise: The orange or red color of sunset results due to scattering of light by the dust and 
smoke particles in the atmosphere. These scatter the light of longer wavelength, that is, yellow, orange and 
red and block light of shorter wavelength, that is, violet, indigo, blue and green. The orange color of sunset is 
not observed during the day because when the sun is higher, the path that the light has to travel through the 
atmosphere is much shorter, thus there are fewer dust particles to scatter it. Sunrise is not usually as red as 
sunset because larger dust particles present in hot air currents during the day settle down in cooler tempera- 
ture of night. The scattering of light by these particles is to a much lesser extent at the sunrise. 


(c) Comet tail: Tail of comets can be visualized as Tyndall cone that arises due to the scattering of light by the tiny 
solid particles left by the comet in its path. 


(d) Fog, mist or rain: The air in the atmosphere contains many suspended impurities in form of dust and other 
particulate matter. When the air is cooled, the moisture in the air condenses on the particulate matter and 
forms droplets of water. These droplets are colloidal in nature and float as mist or fog. Droplets of water are 
also present in clouds and when they condense and grow bigger in size, they pour down as rain. Artificial rain 
can be caused by spraying oppositely charged colloidal dust or sand particles over a cloud. The colloidal water 
particles present in the cloud will be neutralized and coagulate to form bigger water drops causing artificial 
rain. 


(e) Formation of delta: We know that a delta is formed where the flowing river water meets the sea. River water 
contains suspended particles of sand and clay and sea water contains many electrolytes such as NaCl, KCl, 
etc. When river water meets sea water, the suspended colloidal impurities are coagulated by the electrolytes 
present in the sea water to form the delta. 


(f) Fertile soil: Soil contains many minute particles, both organic and inorganic in nature and is hence colloi- 
dal in nature. Fertile soils contain clay minerals, oxides of iron and aluminium and other amorphous min- 
erals. Colloidal soil may develop positive or negative electrostatic charge depending on the nature of the 
suspended nutrients. Organic colloidal material made up from decomposed and organic material is called 
humus, and is responsible for retaining water and nutrients in the soil. Humus thus acts as a protective 
colloid. 


2. Colloids as food articles: Various food articles are colloids of different types. These include milk, fruit juices, but- 
ter, ice cream, etc. 


3. Biocolloids: Colloidal mixtures of plant and animal origin are biocolloids. Blood is a biological fluid that is colloi- 
dal in nature. Animal and plant cell can also be considered colloidal in nature where the various components float 
in cell fluid. Proteins, lipids and other polymeric molecules of biological systems are colloidal in nature. Bleeding 
due to a cut is stopped by treating with alum or ferric chloride. These ions cause coagulation of blood, thus leading 
to clot formation and the cut ceases to bleed. 


Industrial Applications of Colloids 


Some important applications of colloids are: 
High voltage electrode 


1. Electrical precipitation of smoke: Smoke that comes out —_ (30,000 V or more) > 

of the chimneys of factories or households is a colloidal sol 

of particles of carbon, dust, and compounds of lead, arse- |. Gaseeieaaers 
nic, etc., dispersed in air. To precipitate these particles, the —” carbon particles 
smoke is passed through a column/chamber before it is dis- 
charged through the chimney. The chamber contains plates 
or a metal ball which are carrying a charge opposite to 
the nature of charge on particles present in smoke. These 
particles get neutralized when they come in contact with 
the metal ball/plates and are precipitated out. Hot air free 


from these particles is then released through the chimney. Smoke —>_ 

This device used for electrostatic precipitation of smoke sin Precipitated ash 
is known as Cottrell smoke precipitator after its inventor 

(Fig. 13.23). Figure 13.23 Cottrell smoke precipitator. 
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2. Purification of drinking water: The water obtained from natural resources, such as fresh water springs and 
rivers, has a lot of suspended impurities in them and hence is colloidal in nature. The impurities present are 
negatively charged clay particles. Alum [KAI(SO,),-12H,O] is used for coagulation of the impurities. Al* ions 
from alum neutralize the negative charge of the particles and precipitate them out to settle at the bottom. The 
clear water is decanted off. 


3. Removal of dirt from sewage: Sewage contains colloidal particles of dirt, mud, etc. and these colloidal particles a 
negative charge to it. For treatment of sewage, it is passed through anode plates kept at high potential. The col- 
loidal particles get coagulated due to electrophoresis and can be removed. 


4. Medicines: Many medicines are colloidal solutions because the drug particles being larger in size are more effec- 
tive and easily assimilated in the body. Silver sol is known to be an effective germicide and thus is used to destroy 
viruses, bacteria, fungi and other pathogens. Gold sol is administered as intramuscular injections to improve vital- 
ity. It is also used as drug carrier and for detection of tumors. Colloidal antimony is used in treatment of kalazar. 
Milk of magnesia is an alkaline suspension of magnesium hydroxide used as antacid and laxative. Colloidal sul- 
phur is used for destroying pathogens in plants. 


5. Tanning: Animal skins/hides are positively charged colloidal systems consisting of extremely fine matrix of colla- 
gen fibers dispersed in a fluid phase. In the process of tanning, the collagen fibers are precipitated using a tanning 
agent (natural tannins or colloidal solution of chromium salts) which is a negatively charged colloidal solution. 
Mutual coagulation occurs on mixing of two oppositely charged sols and irreversibly changes the chemical nature 
of the collagen fibers into solid protein fibers. The process of tanning results in hardening of animal hide as leather. 


6. Cleansing action of soaps and detergents: When soap comes in contact with grease on a soiled surface, the hydro- 
carbon end of the soap dissolves in the grease, leaving the negatively charged carboxylate end exposed on the 
grease surface. Since the negatively charged carboxylate groups are strongly attracted by water, small droplets are 
formed, and the grease is literally lifted or floated away from the soiled object. 

Detergents are surfactants that clean fabric or skin when in dilute solutions. They improve the cleansing 
properties of water by helping in removal of dirt and oil stuck on fabrics or skin. A detergent consists of two 
parts: a long hydrocarbon part which is hydrophobic and a short ionic part (containing -COO Na’) group which 
is hydrophilic. When the detergent is added to dirty clothes, the greasy and oily parts stick to the hydrophobic part 
while the ionic part remain attached to the water. When the dirty clothes are agitated in detergent solution, the 
hydrophobic part gets washed away and the clothes get cleaned. A soap or detergent is able to dissolve grease by 
forming micelles from an otherwise insoluble phase. 


CH, 
-Nat hq + | 
CH,(CH,),,CH,SO,O-Na* CH,(CH,),;CH,OSO,O-Na CH,CH,(CH,) CH  \-soone 


Sodium alkanesulphonates Sodium alkyl sulphates 


Sodium alkylbenzenesulphonates 


7. Photographic plates and films: Photographic plates are prepared by coating glass plates with emulsion of silver 
bromide in gelatin that is sensitive to light. In color films, several emulsion layers are separated by filter layers 
enabling the processing of brilliant colors. The gelatin keeps the silver halide crystals suspended when the emul- 
sion is spread on the plastic film or photographic paper. 


8. Rubber industry: The latex obtained from rubber trees is an emulsion of negatively charged particles in water. 
Natural rubber is obtained by coagulation of these particles. For deposition of a rubber layer on any article, the 
process of electrophoresis is used. The object to be layered with rubber is made into an anode and dipped into latex. 
The negatively charged particles of rubber get neutralized and deposit on the surface of the article forming a layer. 


9. Industrial products: Many industrial products such as paints, lubricants, resins, polymers, etc., are also colloidal 
solutions. 


SOLVED OBJECTIVE QUESTIONS FROM PREVIOUS YEAR PAPERS 


1. Which of the following statements is correct for lyophilic (B) They are formed by inorganic substances. 
sols? (IIT-JEE 2005) (C) They are self-stabilized. 
(A) The coagulation of the sols is irreversible in nature. (D) They are readily coagulated by addition of electrolytes. 
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Solution 


(C) They are fairly stable and cannot be coagulated easily. 
Some examples are starch, gum, gelatin, etc. dissolved 
in a suitable solvent. 


. Statement 1: Micelles are formed by surfactant molecules 
above the critical micellar concentration (CMC). 


(IIT-JEE 2007) 


Statement 2: The conductivity of a solution having sur- 

factant molecules decreases sharply at the CMC. 

(A) Statement 1 is True, Statement 2 is True; Statement 2 is 
a correct explanation for Statement 1. 

(B) Statement 1 is True, Statement 2 is True; Statement 2 is 
NOT a correct explanation for Statement 1. 

(C) Statement 1 is True, Statement 2 is False. 

(D) Statement 1 is False, Statement 2 is True. 


Solution 


(B) Micelles are the cluster or aggregated particles formed 
by association of colloids in the solution. The forma- 
tion of micelles takes place only above a particular 
temperature called Kraft temperature (7,,) and above 
a particular concentration called critical micelle con- 
centration (CMC). The micelles may contain about 
100 molecules or more. The conductivity of the solu- 
tion decreases sharply at the CMC. 


. Among the following, the surfactant that will form micelles 
in aqueous solution at the lowest molar concentration at 
ambient conditions is (IIT-JEE 2008) 
(A) CH;(CH,),;N*(CH,);Br 


(B) CH,(CH,),,OSO;Na* 
(C) CH,(CH, ),COONa* 
(D) CH,(CH,),,N*(CH,),Br 


Solution 


(A) Critical concentration for micelle formation decreases 
as the molecular weight of hydrocarbon chain of 
surfactant grows because in this case, true solubility 
diminishes and the tendency of surfactant molecules 
to associate increases. 

. Among the electrolytes Na,SO,, CaCl, AlL(SO,), and 

NH,Cl, the most effective coagulating agent for Sb,S, sol is 

(IIT-JEE 2009) 

(A) Na,SO, 

(C) AL(SO,), 


(B) CaCl, 
(D) NH,Cl 


Solution 


(C) As Sb,S, is a negative sol, so, AL(SO,), will be the 
most effective coagulant due to higher charge density 
on Al* in accordance with Hardy-Schulze rule. 

Order of effectiveness of cations: Al* > Ca**> Na*> 
NH;-NH; 

. The correct statement(s) pertaining to the adsorption of a 

gas on a solid surface is (are) (IIT-JEE 2011) 

(A) Adsorption is always exothermic. 

(B) Physisorption may transform into chemisorptions at 
high temperature. 


(C) Physisorption increases with increasing tempera- 
ture but chemisorptions decreases with increasing 
temperature. 

(D) Chemisorption is more exothermic than physisorp- 
tion; however, it is very slow due to higher energy of 
activation. 


Solution 


(A, B, D) 

(A) During adsorption, there is always decrease in surface 
energy which appears as heat. In other words, we can 
say that adsorption is an exothermic process. 

(B) Physiosorption may transform into chemisorption 
at high temperature. For example, dihydrogen is first 
adsorbed on Ni by van der Waals forces, molecules of 
hydrogen then dissociate to form H atoms, which are 
held on the surface by chemisorption. 

(C) Low temperature is favorable for physiosorption; it 
decreases with increase of temperature. High temper- 
ature is favorable for chemisorption; it increases with 
increase of temperature. 

(D) Energy of adsorption is high in chemisorption which is 
about 80-240 kJ mol" as compared to physiosorption 
where the energy is about 20-40 kJ mol". 


. Choose the correct reason(s) for the stability of the lyo- 


phobic colloidal particles. 

(A) Preferential adsorption of ions on their surface from 
the solution. 

(B) Preferential adsorption of solvent on their surface 
from the solution. 

(C) Attraction between different particles having opposite 
charges on their surface. 

(D) Potential difference between the fixed layer and the 
diffused layer of opposite charges around the colloidal 
particles (IIT-JEE 2012) 


Solution 


(A, D) In case of lyophobic sols, the ionic colloid adsorbs 
ions common to its own lattice during the preparation of 
the sol. So they are stable and also the potential difference 
which arises between the fixed layer and the diffused layer 
makes lyophobic sols more stable. 


. The given graphs/data I, II, HI and IV represent general 


trends observed for different physisorption and chemisorp- 
tion processes under mild conditions of temperature and 
pressure. Which of the following choice(s) about I, I, III 
and IV is (are) correct? 


(I) p constant 


(Il) p constant 


Amount of gas adsorbed 
Amount of gas adsorbed 


T 
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(A) Tis physisorption and II is chemisorption. 

(B) Tis physisorption and III is chemisorption. 

(C) IV is chemisorption and IT is chemisorption. 

(D) IV is chemisorption and III is chemisorption. 
(IIT-JEE 2012) 


Solution 


(A, C) In case of physiosorption, with the increase of 
temperature and pressure the rate of adsorption decreases 
because according to Le Chatelier’s principle, increase 
of temperature and pressure will shift the equilibrium to 
the left 


Adsorbate + Adsorbent = Adsorption + Heat 


This is shown in Graphs I and IT; whereas in case of chem- 
isorption, there is a formation of strong bond between the 
adsorbate and the adsorbent and so the rate of adsorption 
increases with increase in temperature (Graphs I and IV). 


. Methylene blue, from its aqueous solution, is adsorbed 


on activated charcoal at 25°C. For this process, the correct 

statement is 

(A) The adsorption requires activation at 25°C. 

(B) The adsorption is accompanied by a decrease in 
enthalpy. 

(C) The adsorption increases with increase of temperature. 

(D) The adsorption is irreversible. (JEE Advanced 2013) 


Solution 


(B) The adsorption of methylene blue on activated charcoal 
is physisorption, which causes decrease in enthalpy. 


. When O, is adsorbed on a metallic surface, electron trans- 


fer occurs from the metal to O,. The TRUE statement(s) 
regarding this adsorption is(are) 

(A) O, is physisorbed 

(B) heat is released 

(C) occupancy of z*,, of O, is increased 

(D) bond length of O, is increased (JEE Advanced 2015) 


Solution 


(B, C, D) During transfer of electrons, adsorption is exo- 
thermic. During electron transfer from metal to 7*,, of 
O, molecule, bond order of O, decreases; hence O —- O 
bond length increases. 

Which one of the following characteristics is not correct for 

physical adsorption? (AIEEE 2003) 

(A) Adsorption on solids is reversible. 

(B) Adsorption increases with increase in temperature. 


11. 


12. 


13. 
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Solved Objective Questions from Previous Year Papers 


(C) Adsorption is spontaneous. 
(D) Both enthalpy and entropy of adsorption are negative. 


Solution 


(B) Because adsorption decreases with increase of 
temperature. 


The volume of a colloidal particle, V, as compared to the 

volume of a solute particle in a true solution V, could be 
(AIEEE 2005) 

(B) VJV, = 10” 

(D) VJV, = 10° 


(A) V/V, =1 
(C) V/V, = 10° 


Solution 


(D) Diameters of the particles in true solution are in the 
range 10° to 10” m, whereas those of colloidal par- 
ticles lie in the range of 10° to 10° m. Hence, by tak- 
ing particle size as 10° and 10”, respectively, V,/V, is 
given by 


V. _ (4/3)nQ0%2y _ 10 _ 3 
V, (4/3)n(107/2)> 107 


s 


The disperse phase in colloidal iron (III) hydroxide and 

colloidal gold is positively and negatively charged, respec- 

tively. Which of the following statements is NOT correct? 

(AIEEE 2005) 

(A) Magnesium chloride solution coagulates, the gold sol 
more readily than the iron (III) hydroxide sol. 

(B) Sodium sulphate solution causes coagulation in both 
sols 

(C) Mixing the sols has no effect 

(D) Coagulation in both sols can be brought about by 
electrophoresis 


Solution 


(C) On mixing oppositely charged sols, their charge gets 
neutralized. Both the sols can be either partially or 
completely precipitated. 


In Langmuir’s model of a gas on a solid surface 
(AIEEE 2006) 

(A) the rate of dissociation of adsorbed molecules from 
the surface does not depend on the surface covered. 

(B) the adsorption at a single site on the surface may 
involve multiple molecules at the same time. 

(C) the mass of gas striking a given area of surface is pro- 
portional to the pressure of the gas. 

(D) the mass of gas striking a given area of surface is inde- 
pendent of the pressure of the gas. 


Solution 


(C) Langmuir model shows the dependence of surface 
coverage of an adsorbed gas on the pressure of gas 
above the surface at a fixed temperature. 


__kp 
1+kp 
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15. 


16. 


where p is the pressure of the gas and @is the fraction 
of adsorbed sites. 


Gold numbers of protective colloids A, B,C and D are 0.50, 
0.01, 0.10 and 0.005, respectively. The correct order of their 
protective powers is (AIEEE 2008) 
(A) D<A<C<B (B) C<B<D<A 
(C) A<C<B<D (D) B<D<A<C 


Solution 


(C) The protective power of lypophilic solution is 
expressed in terms of gold number. Lesser the gold 
number greater its protective power. 


Which of the following statements is incorrect regarding 

physisorption? (AIEEE 2009) 

(A) It occurs because of van der Waals forces. 

(B) More easily liquefiable gases are adsorbed readily. 

(C) Under high pressure, it results in multimolecular layer 
on adsorbent surface. 

(D) Enthalpy of adsorption (AH. 


adsorption 


) is low and positive. 


Solution 


(D) 

(A) When a gas is held on the surface of solid by van der 
Waals forces without resulting in the formation of any 
chemical bond between the adsorbate and adsorbant, 
it is called physisorption. 

(B) Easily liquefiable gases, that is, gases having high criti- 
cal temperature are adsorbed more strongly because 
they have stronger van der Waals forces of attraction. 

(C) As the layers of the gas can be adsorbed one over the 
other by van der Waals forces, multimolecular layers 
are formed under high pressure. 

(D) As physisorption involves only van der Waals forces 
of attraction and no chemical change, the process is 
exothermic but the enthalpy of adsorption is quite low 
(20-40 kJ mol’). 


According to Freundlich adsorption isotherm, which of the 
following is correct? (AIEEE 2012) 


and sorption? 


. Compare the rate and heat of adsorption in physisorption 


and chemisorption. 


. Explain the effect of increase of temperature on adsorp- 


tion with the help of a diagram. 


. Show that the effects produced on the extent of adsorption 


by changing temperature and pressure are consistent with 
Le Chatelier’s principle. 


. What is the driving force for adsorption? 


17. 
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x x x _ 
(A) =e p* (B) —e«p' (C) =e p" 
m m m 


(D) All the above are correct for different ranges of 
pressure 


Solution 


(D) Consider the Freundlich adsorption isotherm shown 
in the following figure: 


3|k > 


/ 


an : 
/ m = Kp 


p> 


From the figure, we have 

x/m e< p' at low pressure, means straight line at low 

pressure. 

x/m « p° at high pressure means x/m becomes inde- 

pendent of pressure and at moderate pressure x/m c p”. 
3 g of activated charcoal was added to 50 mL of acetic acid 
solution (0.06N) in a flask. After an hour it was filtered and 
the strength of the filtrate was found to be 0.042 N. The 
amount of acetic acid adsorbed (per gram of charcoal) is: 


(JEE Main 2015) 
(A) 36 mg (B) 42 mg 
(C) 54mg (D) 18mg 
Solution 


(D) Initial moles of CH,COOH = 0.06 x 50 

Final moles of CH3COOH = 0.042 x 50 
So, the mass of CH,COOH adsorbed per gram 
of charcoal = 


(0.06 — 0.042) x 50x 10° 60x 10° 
3 


18mg 


REVIEW QUESTIONS 


. What is adsorption? How does it differ from absorption . What is Freundlich adsorption isotherm? Give its math- 


ematical expression. 


. What is the role of adsorbents in catalysis? 
. Why acatalyst in the finely divided form is preferred? 


. What is the relationship between the adsorption of solutes 


from solution and the concentration of the solution? 


Why adsorption of gases is not monolayered at high pres- 
sure and low temperature? 

Draw the five different types of adsorption which take 
place at high pressure. 
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17. 


18. 


19. 


20. 


What is Langmuir’s theory of adsorption of gases on solid 
surface? 


What is the effect of temperature and nature of solute and 
adsorbent on the adsorption of dissolved solutes from solu- 
tion by solids? 

Prove that Freundlich’s adsorption isotherm is a unimo- 
lecular adsorption of gas molecules on the adsorbing solid. 


Classify adsorption on the basis of forces of interaction 
between adsorbent and adsorbate. Explain their main 
characteristics. 

How does the rate of enzyme-catalyzed reactions vary with 
(a) temperature (b) pH? Explain with diagrams. 


Discuss the role of adsorption in: 

(a) ion exchange process for demineralization of water 
(b) chromatographic separation 

(c) catalysis 

Explain Hardy-Schulze rule and mention briefly what is 
meant by coagulation value of an electrolyte. 

Discuss two methods for each of the following: 

(a) Preparation of colloidal solutions. 

(b) Purification of colloidal solution. 

What is shape-selective catalysis? Discuss the role of zeo- 
lites as catalysts. 


21. 
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24. 
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26. 
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Numerical Problems 


What are the factors that influence the adsorption of gases 
on a solid surface? 


Discuss the mechanism of adsorption as explained by 
adsorption theory of heterogeneous catalysis. 


Discuss the role of colloids in the following natural phe- 
nomena: (a) Orange-red color of sunset; (b) formation of 
comet tail; (c) formation of delta. 


Define the terms (a) electrophoresis, (b) dialysis, (c) mutual 
coagulation and (d) electro-osmosis. 


Explain the principle and process of coagulation of lyo- 
philic sols. 


Explain the BET theory for multilayer adsorption. 


Explain the following with examples: (a) Kraft tempera- 
ture; (b) coagulation value. 


Give reasons for the following: 

(a) Ordinary filter papers cannot be used for purification 
of colloids. 

Bleeding from a fresh cut can be stopped by applying 
alum. 

Cottrell’s smoke precipitator is used at the mouth of 
chimneys in factories. 

Physical adsorption is multilayered while chemisorp- 
tion is unilayered. 


(b) 
(c) 
(d) 


NUMERICAL PROBLEMS 


. In an experiment, 200 mL of 0.5 M oxalic acid is shaken 


with 10 g of activated charcoal and filtered. The concentra- 
tion of the filtrate is reduced to 0.4 M. What is the amount 
of adsorption? 


- A 0.016 M of an acid solution in benzene is dropped on a 


water surface, the benzene evaporates and the acid forms 
a monomolecular film of solid type. What volume of the 
above solution would be required to cover a 500 cm’ sur- 
face area of water with monomolecular layer of acid ? Area 
covered by single acid molecule is 0.2 cm’. 


. The following data is for adsorption of a gas on a solid at 


25°C. Confirm that it obeys Langmuir adsorption isotherm. 
Find the values of k, and k,,. 


. Predict whether the following data for the adsorption of a 


gas on solid at 0°C follows Freundlich adsorption isotherm. 
If yes, what are the values of k and n? 


. As monomolecular adsorption, how much ammonia in mL 


at STP would be adsorbed on the surface of 25 g charcoal? 
Diameter of ammonia molecule is 0.3 nm. 


. Check the applicability of Freundlich adsorption isotherm 


for the adsorption of solute on a solid at 25°C and find the 
values of k and n. 


Concentration (mol L') 0.05 


x/m (g) 


0.10 050 100 1.50 
0.048 0.072 0.144 0.192 0.228 


7. 


10. 


11. 


A solution of palmitic acid (M = 256 g mol’) in benzene 
contains 4.24 g of acid per dm’. When this solution is 
dropped on a water surface the benzene evaporates and 
the palmitic acid forms a mono molecular film of the solid 
type. If we wish 10 cover an area of 500 cm’ with a mon- 
olayer, what volume of solution should be used? The area 
covered by one palmitic acid molecule may be taken to be 
0.21 nm’. 


. When 50 mL of 1 M oxalic acid (molecular mass = 


126 g mol") is shaken with 0.5 g of wood charcoal. The 
final concentration of the solution after adsorption is 
0.5 M. Calculate the amount of the oxalic acid adsorbed 
per gram of charcoal. 


. In adsorption of hydrogen over a sample of copper mon- 


olayer formation volume per gram of powder was found 
to be 1.36 cm* measured al STP. Calculate the specific 
surface area of copper. Liquid hydrogen has a density of 
0.07 gem”. 

When 6 x 10°¢ of a protective colloid was added to 20 mL 
of a standard gold sol, the precipitation of latter was just 
prevented on addition of 2 mL of 10% NaCl solution. 
Calculate the gold number of the protective colloid. 


A particle of radius 1 cm is broken to form colloidal par- 
ticles of radius 1000 A. Calculate the number of colloidal 
particles produced and their total surface area. 
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ADDITIONAL OBJECTIVE QUESTIONS 


Single Correct Choice Type 


1. 


The process which is catalyzed by one of the products is called 
(A) acid-base catalysis. (B) autocatalysis. 
(C) negative catalysis. (D) homogeneous catalysis. 


. The colloidal system consisting of a liquid as dispersed 


phase in a solid as dispersion medium is termed as 
(A) aerosol. (B) gel. 
(C) emulsion. (D) foam. 


. Silver iodide is used for producing artificial rain because AgI 


(A) is easy to spray at high attitudes. 
(B) is easy to synthesize. 

(C) has crystal structure similar to ice. 
(D) is insoluble in water. 


. Bleeding is stopped by the application of ferric chloride. 


This is because 

(A) the blood starts flowing in opposite direction. 

(B) the blood reacts and forms a solid, which seals the 
blood vessel. 

(C) the blood is coagulated and thus the blood vessel is 
scaled. 

(D) the ferric chloride seals the blood vessel. 


. 10% sites of the catalyst bed was adsorbed. On heating, gas 


H, is evolved from sites and collected at 0.03 atm and 300 K 
in a small vessel of 2.46 mL. The number of sites available is 
6x 10° per surface area, and the surface area is 1000 cm’. 
Find out the number of surfaces sites occupied per mol- 


ecule of H.,. 
(A) 1 (B) 2 
(C) 3 (D) 4 


. Which of the following electrolytes will have maximum 


flocculation value for Fe(OH), sol? 
(A) NaCl (B) Na,S 
(C) (NH,);PO, (D) K,SO, 


. The surfactant that will form micelles in aqueous solu- 


tion at the lowest molar concentration at ambident 
conditions is 


(A) CH,(CH,),;N(CH,),Br- 
(B) CH,(CH,),,0SO;Na* 
(C) CH,(CH,),COO-Na* 
(D) CH,(CH,),, N(CH,),Br- 


- On adding few drops of dilute HCl to freshly precipi- 


tated ferric hydroxide, a red colored colloidal solution is 
obtained. This phenomenon is known as 

(A) peptization. (B) dialysis. 

(C) protective action. (D) dissolution. 


- 100 mL of 0.6 M acetic acid is shaken with 2 g activated 


carbon. The final concentration of the solution after 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 
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adsorption is 0.5 M. What is the amount of acetic acid 
adsorbed per gram of carbon? 


(A) 0.6 g (B) 0.3 ¢ 
(C) 12¢ (D) 18g 
The color of the colloidal particles of gold by different 


methods differ because of 

(A) variable valency of gold. 

(B) different concentration of gold particles. 
(C) different type of impurities. 

(D) different diameters of colloidal particles. 


Lyophilic solutions are more stable than lyophobic solu- 

tions because 

(A) the colloidal particles have positive charge. 

(B) the colloidal particles have negative charge. 

(C) the colloidal panicles are solvated. 

(D) there are strong electrostatic repulsions between the 
negatively charged colloidal particles. 


A colloidal system has particles of what size? 
(A) 10“ m to 10° m (B) 10° mto107m 
(C) 10°mto10°m (D) 10%°mto107m 


When a colloidal solution is observed under an ultramicro- 
scope, we can see 

(A) light scattered by colloidal particles. 

(B) size of the particle. 

(C) shape of the particle. 

(D) relative size of the particles. 


The stabilization of the dispersed phase in a lyophobic sol 

is due to 

(A) the viscosity of the medium. 

(B) the surface tension of the medium. 

(C) liking for the medium. 

(D) the formation of an electrical layer between the two 
phases. 


Heat evolved during chemisorption lies in the range of 
(A) 4-20 kJ mol" (B) 40-400 kJ mol” 
(C) 20-40 kJ mol" (D) 500-1000 kJ mo! 


In an adsorption experiment, a graph between log (x/m) vs. 
log p was found to be linear with a slope of 1.0. The inter- 
cept on the log axis was found to be 0.3010. What will be 
the amount of gas adsorbed per gram of charcoal under a 
pressure of 0.5 atm. 


(A) 1 (B) 2 
(C) 3 (D) 4 
1 mol of [AgI]T can be coagulated by 


(A) 1 mol of Pb(NO,), 
(C) 2/3 mol of Pb(NO,), 


(B) 1/2 mol of Pb(NO,), 
(D) None of these 


Identify the correct statement regarding enzymes. 
(A) Enzymes are specific biological catalysts that can nor- 
mally function at very high temperature. 


https://telegram.me/unacademyplusdiscounts 


19. 


20. 


21. 
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(B) Enzymes are normally heterogeneous catalysts that 
are very specific in action. 

(C) Enzymes are specific biological catalysts that cannot 
be poisoned. 

(D) Enzymes are biological catalysts that possess well- 
defined active site. 


Graph between log(x/m) and log p is a straight line inclined 
at an angle @ = —45°. When the pressure of 0.5 atm and 
log k =0.699, the amount of solute absorbed per g of adsor- 
bent will be 

(A) 1 g/g absorbent 
(C) 2.5 g/g adsorbent 


(B) L5 g/g adsorbent 
(D) 0.25 g/g adsorbent 


There is desorption of physical adsorption when 
(A) temperature is increased. 

(B) temperature is decreased. 

(C) pressure is increased. 

(D) concentration is increased. 


The rate of chemisorption 

(A) decreases with increase of pressure. 
(B) increases with increase of pressure. 
(C) is independent of pressure. 

(D) is independent of temperature. 


Which of the following represents the variation of physical 
adsorption with temperature? 


Cc Cc 
a xe} 
=f =] 
(A) 2 (B) & 
g 3S 
< < 
T T 
A 
Cc Cc 
2 xe) 
rom a 
(C) 2 (D) 2 
g 3S 
< < 
————————___—_—_—_—_> 
T T 


Which of the following kinds of catalysis can be explained 
by the adsorption theory? 

(A) Heterogeneous catalysis 

(B) Enzyme catalysis 

(D) Homogeneous catalysis 

(D) Acid-base catalysis 


3.6 g of oxygen is adsorbed on 1.2 g of metal powder. What 
volume of oxygen adsorbed per gram of the adsorbent 
at STP? 
(A) 0.19 L 
(C) 2.1L 


(B) 1L 
(D) 3.1L 
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Additional Objective Questions 


A while precipitate of Sn(OH), is peptized with dil. HCl. 
The sol particle will carry 

(A) positive charge. 

(B) negative charge. 

(C) sometimes positive and sometimes negative charge 
(D) no charge 


When FeCl, solution is added to NaOH, a negatively 
charged sol is obtained. It is due to the 

(A) presence of basic group. 

(B) preferential adsorption of OH” ions. 

(C) self-dissociation. 

(D) electron capture by sol particles. 


At 400 K energy of activation of a reaction is decreased 
by 0.8 kcal in the presence of catalyst. Hence, the rate 
will be 

(A) increased by 2.71 times. 

(B) increased by 1.18 times. 

(C) decreased by 2.72 times. 

(D) increased by 6.26 times. 


Adsorption of gases on solid surface is generally exother- 
mic because 

(A) free energy increases. 

(B) entropy decreases. 

(C) entropy increases. 

(D) interaction developed between gas and solid particles. 


Which gas will be adsorbed on a solid to greater extent? 
(A) Gas having non-polar molecule. 

(B) Gas having highest critical temperature. 

(C) Gas having lowest critical temperature. 

(D) Gas having lowest critical pressure. 


For the coagulation of 100 mL of arsenous sulphide sol, 
4 mL of 1 M NaCl is required. What would be the floccula- 
tion value of NaCl? 


(A) 40 (B) 20 
(C) 60 (D) 80 
The extra stability of lyophilic colloids is due to 


(A) charge on their particles. 

(B) a layer of medium of dispersion on their particles. 
(C) the smaller size of their particles. 

(D) the large size of their particles. 


A catalyst added to a reversible reaction 

(A) changes the position of equilibrium. 

(B) increases the concentration of products. 

(C) increases the equilibrium constant. 

(D) speeds up both forward and backward reactions. 


Gold sol is negatively charged. The flocculation values of 
effective ions vary in the order: 

(A) Sn* < Al* < Ba™ < Na* 

(B) PO} <SO; <Cl 

(C) Na*> Al* > Ba** > Sn* 

(D) SO} <Na* < PO} <Ba™* 
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34. One gram of activate carbon has a surface area of 1000 m’. 
Considering complete coverage as well as monomolecular 
adsorption, how much ammonia at STP would be absorbed 
on the surface of 44/7 g carbon if a radius of ammonia mol- 
ecule is 10° cm. 
(A) 746L 
(C) 44.8L 


(B) 0.33L 
(D) 23.5L 


35. On addition of 1 mL solution of 10% NaCl to 10 mL gold 
sol in the presence of 0.250 g of starch, the coagulation is 
just prevented. Starch has the following gold number: 

(A) 0.025 (B) 0.25 
(C)i.25 (D) 250 


36. The coagulation power of an electrolyte for As,S, decreases 
in the order 
(A) Ni’, Al, Ba* 
(C) Al’, Ba, Na* 


(B) Cl, SO7,PO; 
(D) PO?,Ccl 


37. Which type of a property is the Brownian movement of 
colloidal solution? 
(A) Electrical 
(C) Mechanical 


(B) Optical 
(D) Colligative 


38. The volume of gases adsorbed by 1 g of charcoal at 300 K 
are in the order 
(A) H, > CO, > NH, 
(C) NH, >CO,>H, 


(B) NH,>H,>CO, 
(D) CO, >NH, > H, 


39. Flocculation value is expressed in terms of 
(A) millimol L (B) mol L" 


(Oe: oe (D) mol mL"! 


40. A catalyst in the finely divided form is most effective because 
(A) less surface area is available. 

(B) more active sites are formed. 

(C) more energy gets stored in the catalyst. 


(D) none of these. 


41. Gels on standing exude small amounts of liquid. This phe- 
nomena is known as 
(A) efflorescence. 
(C) thixotropy. 


(B) synercsis. 
(D) adsorption. 


42. Which of the following electrolytes is least effective in 
causing flocculation of ferric hydroxide solution? 

(A) K,[Fe(CN),] (B) K,CrO, 

(C) KBr (D) K,SO, 

43. Separation of colloidal particles from those of molecular 
dimension is known as 
(A) electrolysis. 


(C) electrodialysis. 


(B) electrophoresis. 
(D) electrosmosis. 


44. The protective power of lyophilic sol is 

(A) dependent on the size of colloidal particles. 
(B) expressed in terms of gold number. 

(C) expressed by x/m. 


(D) directly proportional to the magnitude of charge on it. 


45. The surface area of a catalyst of which adsorb 100 mL of N, 


at STP per gram in order to from a monomolecular layer. 


46. 


47. 
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The effective surface area occupied by nitrogen molecule 
on the surface of catalyst is 0.16. 

(A) 43.04 x 10° cm? (B) 0.18 x 10° cm? 

(C) 42 x 10° cm? (D) 0.19 x 9° cm? 


Rate of physisorption increases with 
(A) decrease in temperature. 

(B) increase in temperature. 

(C) decrease in pressure. 

(D) decrease in surface area. 


Lyophilic sols are 

(A) irreversible sols. 

(B) prepared from inorganic compounds. 
(C) coagulated by adding electrolytes. 
(D) self-stabilizing. 


Multiple Correct Choice Type 


se 


6. 


Select the correct statement(s): 

(A) Physical adsorption is multilayer, non-directional. 

(B) Chemical adsorption highly specific in nature. 

(C) Physical adsorption is due to free valence of atoms. 

(D) Chemical adsorption is due to stronger interaction or 
bond formation. 


. Which of the following is the application of adsorption? 


(A) Deionization of water 

(B) Gas masks 

(C) Hygroscopic nature of CaCl, 
(D) Heterogeneous catalysis 


. Which of the following statements are correct? 


(A) Flocculation value is inversely proportional to the 
coagulating power. 

(B) Alum is used for cleaning muddy water. 

(C) Milk is an emulsion of protein in water. 

(D) Gelatin added to ice cream acts as an emulsifier. 


. Which of the following are accompanied by adsorption? 


(A) Decrease in entropy of the system 
(B) Decrease in enthalpy of the system 
(C) TAS for the process is negative 
(D) Increase in enthalpy of the system 


. Let x be the amount of a gas adsorbed by a fixed amount or 


a solid. If monolayer adsorption is supposed to occur, then 

which of the following statements is correct? 

(A) At low pressures, x increases more than proportion- 
ately to gas pressure. 

(B) At low pressure, x increases proportionately to gas 
pressure. 

(C) At moderate pressures, x increases less than propor- 
tionately to gas pressure. 

(D) At high pressures, x becomes independent of gas 
pressure. 


Select the correct statement(s) 
(A) Adsorption is a non-spontaneous process. 
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(B) Surface energy decreases during the process of 
adsorption. 

(C) Adsorption takes place with decrease of entropy. 

(D) In general, adsorption is exothermic process. 


. Point out the correct statement. 


(A) Brownian motion and Tyndall effect are shown by col- 
loidal systems. 

(B) The colloidal solution of a liquid in liquid is called 
emulsion. 

(C) Hardy—Schulze law is related with coagulation of a sol. 

(D) Higher is the gold number, greater will be the protec- 
tive power of a lyophilic colloid. 


. Which plot among the following do not represent adsorp- 


tion isobar for chemisorption? 


A A 
: LU 

(A) ® (B) & 
T > T > 

A A 

aS £ 
(C) ® (D) i ae 
T > T > 


. Which of the following are correct? 


(A) (x/m) = constant at high pressure 

(B) Constant (x/m) = p’” (at intermediate pressure) 
(C) Constant (x/m) = p” (at low pressure) 

(D) Constant (x/m) = p"” (at high pressure) 


Colloidal solution can be purified by 
(A) dialysis. 

(B) electrodialysis. 

(C) electrophoresis. 

(D) ultrafiltration. 


Which of the following decrease the activation of a solid 
adsorbent? 

(A) Subdividing the solid adsorbent. 

(B) Polishing the surface of the solid adsorbent. 

(C) Carrying out the adsorption at very high temperature. 
(D) Blowing superheated steam through the porous 


adsorbent. 
Coagulation of colloids can be achieved by 
(A) centrifugation. (B) adding electrolyte. 
(C) change in pH. (D) adding water. 


Assertion-Reasoning Type 


Choose the correct option from the following: 


(A) Statement 1 is True, Statement 2 is True; Statement 2 is 
the correct explanation for Statement 1. 
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Additional Objective Questions 


(B) Statement 1 is True, Statement 2 is True; Statement 2 is 
NOT the correct explanation for Statement 1. 

(C) Statement 1 is True, Statement 2 is False. 

(D) Statement 1 is False, Statement 2 is True. 


1. Statement 1: Physical adsorption of molecules on the sur- 
face requires activation energy. 
Statement 2: Because the bonds of adsorbed molecules are 
broken. 


2. Statement 1: Small quantity of soap is used to prepare a 
stable emulsion. 
Statement 2: Soap lowers the interfacial tension between 
oil and water. 


3. Statement 1: A sol of As,S, prepared by the action of H,S 
on As,S, is negatively charged. 
Statement 2: It is due to the adsorption of H™ ions on the sur- 
face of the colloidal particle and S* ions in the diffused layer. 


4. Statement 1: Activity of an enzyme is pH dependent. 
Statement 2: Change in pH affects the solubility of the 
enzyme in water. 


5. Statement 1: Aqueous gold colloidal solution is red in 
color. 
Statement 2: The color arises due to scattering of light by 
colloidal gold particles. 


6. Statement 1: Poisonous gases such as SO,, CL, CHy,, 
etc., from the atmosphere displace O,, N, gases already 
adsorbed by the charcoal in the gas masks. 

Statement 2: A strongly adsorbed gas is displaced by a 
weakly adsorbed gas. 


7. Statement 1: A lyophilic colloidal sol is more stable than a 
lyophobic col. 
Statement 2: A lyophilic sol is solvated to a much greater 
extent in comparison to lyophobic sol. 


Comprehension Type 


Read the paragraphs and answer the questions that follow. 


Paragraph I 

The aggregation of Fe(OH), sol can be done by adding ionic 
solution, especially if the solution contains multiple-charged 
anions (e.g., phosphate ions). Coagulation is the process by 
which the dispersed phase of a colloid undergoes aggregation, 
and thus separates from the continuous phase. 


1. The electrolyte that has the least effect in the coagulation 
of Fe(OH), is 
(A) potassium carbonate. (B) sodium sulphate. 
(C) potassium ferrocyanide. (D) potassium iodide. 


2. Colloidal sulphur particles are negatively charged with 
thiosulphate ions, S,O}, and other ions on the surface of 
the sulphur. Indicate which of the following would be most 
effective in coagulating colloidal sulphur. 

(A) NaCl (B) KCl 
(C) MgCl, (D) AL(SO,), 
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3. Which of the following solution is negatively charged? 
(A) Arsenious sulphide 
(B) Aluminium hydroxide 
(C) Ferric hydroxide 
(D) Silver iodide in silver nitrate solation 


4. Which of the following anions will have minimum floccula- 
tion value for the ferric oxide solution? 


(A) Cr (B) Br 
(C) SO (D) [Fe(CN),]* 
Paragraph II 


The adsorption is called physical adsorption or physisorption 
if the accumulation of gas on the surface of a solid occurs due 
to weak van der Waals forces. The adsorption is called chemical 
adsorption or chemisorption when the gas molecules or atoms 
are held to the solid surface by chemical bonds that are either 
ionic or covalent. Chemisorption is often referred to as activated 
adsorption because it has a rather high energy of activation. 


5. Which of the following is not a characteristic of 
chemisorption? 
(A) Adsorption is irreversible. 
(B) AH 1s of the order of 400 kJ. 
(C) Adsorption is specific. 
(D) Adsorption increases with increase of surface area. 


6. Physical adsorption is appreciable at 
(A) higher temperature (B) lower temperature. 
(C) room temperature. (D) none of these. 


7. The rate of chemisorption 
(A) decreases with increase of pressure. 
(B) is independent of pressure. 
(C) is maximum at one atmospheric pressure. 
(D) increases with increase of pressure. 


Integer Answer Type 


The answer is a non-negative integer. 


1. In an experiment, addition of 4.0 mL of 0.005 M BaCl, to 
16.0 mL of arsenius sulphide sol just causes the complete 
coagulation in 2 h. The flocculating value of the effective 
ion is 


2. The number of phases present in a colloidal solution is 


3. The coagulation of 100 mL of a colloidal solution of gold is 
completely prevented by adding 0.08 g of starch to it before 
adding 10 mL of 10% NaCl solution. The gold number of 
starch is ; 


4. Among the following, the number of substances that will 
adsorb water vapor is 


Silica, alumina, charcoal, calcium chloride, calcium carbonate, 
powdered cellulose, Kieselguhr, Fuller’s earth. 


) 
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Matrix—Match Type 


1. Match the colloidal dispersion with the nature of dispersion. 


Column | Column II 

(A) Milk (p) Solid in liquid 
(B) Mist (q) Liquid in gas 
(C) Gold sol (r) Solid in solid 
(D) Ruby glass (s) Liquid in liquid 


2. Match the type of adsorption with its characteristics. 


Column | Column Il 


(A) Physisorption 


(p) Not very specific and 
decreases with temperature. 

(B) Chemisorption (q) Specific and increases with 
temperature. 


(C) Desorption of a 
solute on liquid 


(D) Adsorption of 
a solute on a 
liquid 


(r) Increases the surface tension of 
the liquid surface 


(s) Decreases the surface tension 
of the liquid surface. 


(t) Adsorption is due to stronger 
interaction or bond formation 


3. Match the technique with its application. 


Column | Column Il 


(A) Bredig’s arc method 


(p) Movement of ions 
across the membrane in 
presence of electric field 


(B) Electrodialysis (q) Preparation of metals 


sols 
(C) Ultracentrifugation 
(D) Peptization 


(r) Purification of sols 
(s) Preparation of sols 


(t) The precipitate adsorbs 
one of the ions of 
the electrolyte on its 


surface 
4. Match the sol with its type. 
Column | Column II 
(A) Gelatin sol (p) Lyophilic 
(B) Gold sol (q) Associated 
(C) Soap sol (r) Multimolecular 
(D) Starch sol (s) Macromolecular 
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Answers 


Review Questions 


8. Increase in surface area increases rate of adsorption. 
9. xim= kc” 
16. On increasing the temperature and pH, the rate increases, becomes maximum at 37°C and pH = 74 and after that it falls down. 


21. Nature of adsorbate, nature of adsorbent, surface area of the adsorbent and pressure of the gas. 


Numerical Problems 


1. 0.18 mol m? g* 2. 25.94 x 10° mL 3. k, =0.23 torr! and k, = 0.93 mL* 4. k=8.9 andn=2 
5. 13153.5 mL 6. k=0.19 andn=2.29 7. 2.493 x 10° dm* 8. 6.308 
9. 5.78 x 10* cm? 10. 0.03 411. 10°; 12 x 10° cm? 


Additional Objective Questions 


Single Correct Choice Type 


1. (B) 2. (B) aC) 4. (D) 5. (C) 
6. (A) 7. (A) 8. (A) 9. (B) 10. (D) 
11. (C) 12. (C) 13. (A) 14. (D) 15. (C) 
16. (A) 17. (B) 18. (B) 19. (C) 20. (A) 
21. (8) 22. (B) 23. (A) 24. (C) 25. (A) 
26. (B) 27. (C) 28. (D) 29. (B) 30. (A) 
31. (B) 32. (D) 33. (A) 34. (A) 35. (D) 
36. (C) 37. (C) 38. (C) 39. (A) 40. (B) 
41. (B) 42. (C) 43. (C) 44. (B) 45. (A) 
46. (A) 47. (D) 


Multiple Correct Choice Type 


1. (B,D) 2. (A, B,D) 3. (A, B,D) 4. (A,B,C) 5. (B,C,D) 
6. (B,C,D) 7. (A,B,C) 8. (A, B,D) 9. (A,B) 10. (A,B,D) 
11. (B,C) 12. (A,B,C) 


Assertion—Reasoning Type 


1. (D) 2. (A) 3. (C) 4. (B) 5. (A) 
6. (A) 7. (A) 

Comprehension Type 

1,Q 2. (D) 3. (B) 4. (D) 5. (B) 
6. (B) 7. (D) 
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Integer Answer Type 
1. (1) 2. (2) 3. (8) 4. (5) 


Matrix—Match Type 
1. A (s);B > (q);C > (p), D > (1) 2. A (p);B > (q, t); C > (1), D > (s) 
3. A (q);B > (1); C > (1), D > (q, t) 4. A> (p,r);B > (1); C > (q), D > (p,s) 
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Nuclear Chemistry 


238 
( neutrons 


92 protons ~ | 567) 


234Th 


(5 neutrons 


90 protons ~ | .600) ne 


a-particle decay in 
neutron-poor nuclide *°U 


Contents 
The discovery of X-rays by William Conrad Roentgen in November of 14.1 Radioactivity 
1895 excited the imagination of a generation of scientists who rushed 14.2 Structure of Atom 


to study this phenomenon. Within a few months, Henri Becquerel 14.3 Stability of Nucleus 

found that both uranium metal and salts of this element gave off a 14.4 Modes of 

different form of radiation, which could also pass through solids. This Radioactive Decay 

was based on his observation that photographic plates developed 14.5 Decay Mechanism 

bright spots when exposed to uranium metal. By 1898, Marie Curie in Neutron-Rich 

found that compounds of thorium also gave out radiations. After and Neutron-Poor 

painstaking effort, she eventually isolated two more radioactive Nuclides 

elements—polonium and radium—from ores that contained ura- 14.6 Binding Energy and 

nium. She and her husband Pierre Curie, named this phenomenon Nuclear Stability 

as radioactivity. They also proposed that radioactivity was a nuclear 14.7. The Kinetics of 

property that was characteristic of unstable or excited nucleus. The Radioactive Decay 

property is independent of the conditions of pressure and tempera- 14.8 Radioactive 

ture and depends only on the amount of unstable atom present. Equilibrium 

In this chapter, we will study about the nature of radioactive 14.9 Activity of Radioactive 

radiations, the cause of radioactivity, theory and rate of radioactive Substances, 

decay, nature of nuclear fission and fusion reactions and applications Detection and Units 

of radioactivity. of Radioactivity 
14.10 Natural vs. Induced 

Radioactivity 

14.1 | RADIOACTIVITY 14.11. Transmutation 
14.12 Nuclear Reactions 

In 1899, Ernest Rutherford found that there were at least two dif- 14.13 Biological Effects of 

ferent forms of radioactivity when he studied the absorption of Radiation 

radioactivity by thin sheets of metal foil. One, which he called alpha 14.14 Applications of 


(a)-particles, was absorbed by metal foil that was a few hundredths of 
a centimeter thick. The other, beta (B )-particles, could pass through 
100 times as much metal foil before they became absorbed. Shortly 
thereafter, a third form of radiation, gamma (y)-rays, was discovered 
that could penetrate as much as several centimeters of lead. 

The results of early experiments on these three forms of radiation 
are summarized in Fig. 14.1. The direction in which a-particles were 
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deflected by an electric field suggested that they were posi- 
tively charged. The magnitude of this deflection suggested 
that they had the same charge-to-mass ratio as an He™ ion. 
To test the equivalence between a-particles and He” ions, 
Rutherford built an apparatus that allowed a-particles to 
pass through a very thin glass wall into an evacuated flask 
that contained a pair of metal electrodes. After a few days, 
he connected these electrodes to a battery and noted that the 
gas in the flask did indeed give off the characteristic emission 
spectrum of helium. 

Experiments with electric and magnetic fields demon- 
strated that B-particles were negatively charged. Furthermore, 
they had the same charge-to-mass ratio as an electron.To date, 
no detectable difference has been found between f-particles 
and electrons. The only reason to retain the name -particle is 
to emphasize the fact that these particles are ejected from the 
nucleus of an atom when it undergoes radioactive decay. 
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Figure 14.1 The effect of an electric field on a, B, 
and y-radiation. 


The fact that rays are not deflected by either electric or magnetic fields suggests that these rays do not carry an 
electric charge. Since they travel at the speed of light, they are classified as a form of electromagnetic radiation that 


carries even more energy than X-rays. 


Theory of Nuclear Disintegration 


At the turn of the twentieth century, when radioactivity was 
discovered, atoms were assumed to be indestructible. Ernest 
Rutherford and Frederick Soddy, however, found that radio- 
active substances became less active with time (Fig. 14.2). 
More importantly, they noticed that radioactivity was 
always accompanied by the formation of atoms of a dif- 
ferent element. By 1903, they concluded that radioactivity 
was accompanied by a change in the structure of the atom. 
They therefore assumed that radiation was emitted when 
an element decayed into a different kind of atom. 

By 1910, there were 40 radioactive elements isolated 
which were associated with the decay process uranium metal 
to lead. This created a problem, however, because there 
was space for only 11 elements between lead and uranium. 
In 1913, Kasimir Fajans and Frederick Soddy proposed an 
explanation for these results based on the following rules. 


% of normal activity 


Days 


Figure 14.2 Decay curve reported by Rutherford 
and Soddy for “uranium X," produced when 
uranium undergoes radioactive decay. 


1. Emission of an a-particle produces an element that is four mass units lighter and the atomic number decreases by 
two. The daughter element is, therefore, two places to the left of the parent in the periodic table. 


2. When a f-particle is emitted, the mass number remains the same. However, the atomic number increases by one 
and the new element is one place to the right of the parent in the periodic table. These changes are shown in the 


following series: 


a a a 7 a 
BRa— 89 7BRn—* 9 Po * 5 uPp—# 5 uBi—* 77 


3. Radioactive elements that fall in the same place in the periodic table are different forms of the same element. 
The radioactive thorium produced by the o-particle decay of uranium is a different form of the element than the 
radioactive thorium obtained by the B-particle decay of actinium. 


Soddy proposed the name isotope to describe different radioactive atoms that occupy the same position in the periodic 
table. J. J. Thomson and Francis Aston then used a mass spectrometer to show that isotopes are atoms of the same 
element that have different atomic masses. To understand the cause of phenomenon of radioactivity, we need to first 
consider the structure of the nucleus and the stability of nucleus. 
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14.2 | STRUCTURE OF ATOM 


The discovery of the electron in 1897 by J.J. Thomson suggested that there is an internal structure to the “indivisible” 
building blocks of matter known as atoms. This raised an obvious question: How many electrons does an atom contain? 
By studying the scattering of light, X-rays and @ particles, Thomson concluded that the number of electrons in an atom 
is between 0.2 and 2 times the weight of the atom. 

In 1911, Rutherford concluded that the scattering of a-particles by extremely thin pieces of metal foil could be 
explained by assuming that all of the positive charge and most of the mass of the atom are concentrated in an infini- 
tesimally small fraction of the total volume of the atom, for which he proposed the name nucleus. Rutherford’s data 
also suggested that the nucleus of a gold atom has a positive charge that is about 80 times the charge on an electron. 

The discovery of the neutron in 1932 explained the discrepancy between the charge on the nucleus and the mass 
of an atom. A neutral gold atom with mass of 197 amu consists of a nucleus that contains 79 protons and 118 neutrons 
surrounded by 79 electrons. By convention, this information is specified by the following symbol, which describes the 
only naturally occurring isotope of gold. 


Mass number——y, 
197 
59 Au 
Charge on nucleus — 


This convention can also be applied to elementary particles. Lowercase letters are used to identify the electron, proton, 
and neutron. 


>He ie iP on (14.1) 
a-particle B-particle Proton Neutron 


or electron 


A particular combination of protons and neutrons is called a nuclide. 


1. Nuclides with the same number of protons are called isotopes. 

2. Nuclides with the same mass number are isobars. 

3. Nuclides with the same number of neutrons are isotones. 
Apart from isotones, isobars and isotopes, we have two more terms — isodiaphers and isosteres. Isodiaphers are 
those radioactive nuclides that have the same (N — Z) or (A — 2Z) values. For example, {}K and '}F (A—2Z=1); 


*Uand 7,Th (A—2Z =51). Isosteres are those molecules that have the same number of atoms as well as electrons. For 
example, CO, and N,O (atoms = 3, electrons = 22); N, and CO (atoms = 2, electrons = 14). 


Solved Example 14-1 | 


Classify the following sets of nuclides as examples of (b) “Ar, “K and “Ca are isobars because they have the 


isotopes, isobars and isotones: (a) "C, °C and “C, same mass number. 
40 40: 40 14 15 16 
(b) “Ar, "K and “Ca and (c) “C, “N and "O. (c) “C,”N and '°O cannot be isotopes because they con- 
: tain different number of protons. They cannot be iso- 
Solution bars, because they have different mass numbers. All 
(a) °C,°C and “C are isotopes because they all contain of them contain eight neutrons, so they are examples 
six protons. of isotones. 


Solved Example 14-2 | 


If ¢X atom is isotone to '}Y atom, then what is the value Solution 


of a? Identify elements X and Y also. : ‘ 
' aed For ¢X to be an isotone to ‘VY, their number of neutrons 


should be the same. So, a— 8 = 17 -9=8 > a= 16. Thus, 
the element X is ';O and element Y is "ZF. 
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14.3 | STABILITY OF NUCLEUS 


The radius of a nucleus is very small, roughly 10°'m. Nuclear distances are measured in femtometres (1 fm = 10""m). 
Most atoms are 1-2 A, that is, 1 to2 x 10m in radius. The nucleus of oxygen, for example, has a radius of 2.5 fm. Most of 
the mass of an atom is concentrated in the nucleus. As a result, its density is very high, approximately, 2.4 x 10g cm™ or 
about 10" times the density of the densest element iridium (22.61 g cm”). 


Forces in the Nucleus 


Protons have a positive charge. In any nucleus containing two or more protons there will be electrostatic repulsion 
between the like charges. In a stable nucleus, the attractive forces are greater than the repulsive forces. In an unstable 
nucleus, the repulsive forces exceed the attractive forces and spontaneous fission occurs. The attractive forces in the 
nucleus cannot be electrostatic for two reasons: 


1. There are no oppositely charged particles. 


2. The forces only act over a very short distance of 2-3 fm. 


If the nuclear particles are separated by a distance much greater than this, attraction ceases. Electrostatic forces dimin- 
ish only slowly with distance. The attractive force does not depend on the charge as the same attractive force binds 
protons to protons, protons to neutrons and neutrons to neutrons. 

Two nuclear particles are held together by sharing a particle and the particle exchanged is called a 7 meson. 
Mesons may have a positive charge z*, a negative charge 7 or no charge 2°. Exchange of 2 and z* mesons accounts 
for the binding energy between neutrons and protons. The transfer of a charge converts a neutron into a proton or vice 
versa. The resultant attractive forces are indicated by dotted lines in the following examples. 


n pr. p ny 

ye) Dee) 

p n@ n a 
An i 

m meson is exchanged between two protons or between two neutrons. 

p px n ns 

as > es > } 

p p* n (aad 


The attractive forces between p-n, n—n, and p-p, are probably all similar in strength. The different types of mesons 
have similar masses. The mass of a z” meson is 264 times that of an electron. The masses of both z* and mare equal 
and about 263 times that of an electron. 


Stability 


Many nuclei are unstable even when they correspond to the ground state. Unstable nuclei decompose by emitting vari- 
ous particles and electromagnetic radiation, and this is called radioactive decay. Over 1500 unstable nuclei are known. 
If no radioactive decomposition can be detected, the nucleus is said to be stable. 

The stability of a nucleus depends on the number of protons and neutrons present. Certain combinations of neu- 
trons and protons are particularly stable: 


1. Even number of protons and neutrons: Elements of even atomic number are more stable and more abundant than 
neighboring elements of odd atomic number. This is known as Harkin’s rule. (The rule applies almost universally, but 
'His a notable exception.) Elements of even atomic number are richer in isotopes and never have less than three sta- 
ble isotopes. Elements with odd atomic numbers often have only one stable isotope and never have more than two. 
There is a tendency for the number of neutrons and the number of protons in the nucleus to be even (Table 14.1). 

These observations suggest that nucleons in the nucleus are paired in a way similar to pairing of electrons 
in atomic or molecular orbits for even number of neutrons/protons, the spins are paired so the magnetic fields 
generated are cancelled. So, the nucleus has lower energy and greater stability. 


2. Filled shell: Certain nuclei are extra-stable, and this is attributed to a filled shell. Nuclei with 2, 8, 20, 28,50, 82 or 126 
neutrons or protons are particularly stable and have a large number of isotopes. These numbers are termed magic 
numbers. The numbers 114, 164 and 184 should also be included in the series of magic numbers. When both the 
number of protons and the number of neutrons are magic numbers reorderthe nucleus is very stable. For example, 
*»Pb is very stable since it and has 82 protons, and 208 — 82 = 126 neutrons. 7?Ne has a magic number of nucleons 


when both protons and neutronsare counted 5 He-and2{@Q-haveanagienumbers of both protons and neutrons. 


14.3 | Stability of Nucleus 


Table 14.1 The number of neutrons, protons and stable nuclei 


Number of protons Number of neutrons Number of 
p(=Z) n stable isotopes 

Even Even 164 

Even Odd By) 

Odd Even 50 

Odd Odd 4 


3. Nuclear shell model: The observation on magic number suggests that nucleus has a shell structure with energy 
levels similar to electron energy levels. The elements with completely filled energy levels with (2, 8, 18, 32, 50, 72, 
and 98) electron for n = 1,2, ..., 7, respectively, are stable. The magic number of nucleons impact stability to nucleus 
based on the same logic. 


1.6 
The Ratio of Neutrons to Protons 
For elements of low atomic number (up to Z=20,i.e.,Ca) the most stable ay 
1.0 


nuclei exist when the nucleus contains an equal number of protons (p) 
and neutrons (7). This means that the ratio n/p = 1. Elements with higher 
atomic numbers are more stable if they have a slight excess of neutrons 
as this increases the attractive force and also reduces repulsion between 
protons. Thus, the ratio n/p increases progressively up to about 1.6 at 
Z = 92 (uranium). In elements with still higher atomic numbers, the 
nuclei have become so large they undergo spontaneous fission. These 
trends are shown in the graphs of number of neutrons (7) against num- 
ber of protons (p), and n/p ratio against number of protons number for the stable nuclei (Fig. 14.3). 

Stable nuclei lie near to these curves. Nuclei with n/p ratios appreciably higher or lower than the stable ratio are 
radioactive. When they decay, they form nuclei closer to the line of maximum stability. 

If the n/p ratio is high, the isotope lies above the curve. Such a nucleus will decay in such a way that it reduces the 
n/p ratio and forms a stable arrangement, thus, emitting a B-particle. 

If the n/p ratio is low, the isotope lies below the curve. Such a nucleus will decay in such a way that it increases the 
n/p ratio and forms a stable arrangement, thus, emitting a positron. 

We will first study the various modes of radioactive decay and then explore the decay mechanism adopted by 
nuclei with different n/p ratio. 


Figure 14.3 Neutron to proton ratio. 


Solved Example 


One of the nuclides in each of the following pairs is radio- Solution 
active; the other is stable. Which one is radioactive and 


which 7 stable? Explain (a) *3Bi is more stable as n/p ratio is higher; 


(b) {3K is more stable as number of neutrons is 20 which 


(a) "Po, Bi (b) BK, SK (©) Ga, %Ga a cada 7 
(c) 3,Ga is more stable as n/p ratio is higher. 


Solved Example 14-4 | 


Which of the nuclides is more stable in (a) {Alor Al, (b) {?Na is more stable because in {|Na there is 1 neutron 
(b) i{Na or j{Na? more than that required for stability. 
Solution 


(a) {Alis more stable because in {3A there are 2 neutron 
more than that required for stability. 
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Solved Example | 14-5 | 


Out of the isobars 'j¢Cd, 'sIn and '3Sn, which one is radi- Solution 


oactive and why? ‘ 
y Moin because it has odd number of neutrons and protons. 


14.4 | MODES OF RADIOACTIVE DECAY 


Early studies of radioactivity indicated that three different kinds of radiation were emitted, symbolized by the 
first three letters of the Greek alphabet a, B and y. With time, it became apparent that this classification scheme 
was much too simple. The emission of a negatively charged B particle, for example, is only one example of a fam- 
ily of radioactive transformations known as f-decay. A fourth category, known as spontaneous fission, also had 
to be added to describe the process by which certain radioactive nuclides decompose into fragments of different 
weight. 


Alpha Decay 


Alpha decay is usually restricted to the heavier elements in the periodic table. (Only a handful of nuclides with atomic 
numbers less than 83 emit an a@-particle.) The product of a-decay is easy to predict if we recognize that both mass and 
charge are conserved in nuclear reactions. Alpha decay of the **U “parent” nuclide, for example, produces *Th as the 
“daughter” nuclide. 


* U *yTh+ SHe (a-decay) 


The sum of the mass numbers of the products (234 + 4) is equal to the mass number of the parent nuclide (238), and 
the sum of the charges on the products (90 + 2) is equal to the charge on the parent nuclide. 


Beta Decay 


Three different modes of $-decay can be observed in nature: (a) electron or negatron (f ) emission, (b) electron cap- 
ture and (c) positron (8*) emission. 

Electron (8 ) emission is the process in which an electron is ejected or emitted from the nucleus. When this hap- 
pens, the charge on the nucleus increases by one. Electron (8) emitters are found throughout the periodic table, from 
the lightest elements (*H) to the heaviest (**Es). The product of B~ emission can be predicted because both mass 
number and charge are conserved in nuclear reactions. If ““K is a B-emitter, for example, the product of this reaction 
must be “Ca. 


pK 3,Ca+ fe [negatron (B~) emission] 


Note: Negatron is negative B-particle, while positron is positive B-particle. 


Once again the sum of the mass numbers of the products is equal to the mass number of the parent nuclide and the 
sum of the charge on the products is equal to the charge on the parent nuclide. 

Nuclei can also decay by capturing one of the electrons that surround the nucleus. Electron capture leads to a 
decrease of one in the charge on the nucleus. The energy given off in this reaction is carried by an X-ray photon, which 
is represented by the symbol hv, where h is Planck’s constant and vis the frequency of the X-ray. The product of this 
reaction can be predicted, once again, because mass and charge are conserved. 


wK+ je > hArt+hv (electron capture) 


The electron captured by the nucleus in this reaction is usually a 1s electron because electrons in this orbital are the 
closest to the nucleus. 
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A third form of B-decay is called positron (6 *) emission. The positron is the antimatter equivalent of an electron. 
It has the same mass as an electron but the opposite charge. Positron (8 *) decay produces a daughter nuclide with one 
fewer positive charge on the nucleus than on the parent. 


pK > pAr+ fe [positron (B*) emission] 


Positrons have a very short lifetime. They rapidly lose their kinetic energy as they pass through matter. As soon as they 
come to rest, they combine with an electron to form two y-ray photons in a matter—antimatter annihilation reaction. 


0 0 
wet e327 


Thus, although it is theoretically possible to observe a fourth mode of B-decay corresponding to the capture of a positron, 
this reaction does not occur in nature. 

The three forms of B decay for the ““K nuclide are summarized as follows. Note that the mass number of the parent 
and daughter nuclides are the same for electron emission, electron capture, and positron emission. All three forms of 
B decay therefore interconvert isobars. 


40 40 0 
ipK > 59Ca+ je 
40 0 40 
ipK+ je jgArt+yt+v 


40 40 0 
pK Art yetv 


Gamma Emission 


The daughter nuclides produced by a-decay or f-decay are often obtained in an excited state. The excess energy asso- 
ciated with this excited state is released when the nucleus emits a photon in the y-ray portion of the electromagnetic 
spectrum. Most of the time, the y-ray is emitted within 10” s after the a- or B-particle. In some cases, y-emission is 
delayed, and a short-lived, or metastable, nuclide is formed, which is identified by a lowercase letter m written after 
the mass number. ®”Co, for example, is produced by the electron emission of “Fe. 


60 60m, 0 

Fe 97CO+ _e 
The metastable “Co nuclide has a half-life of 10.5 min. Since gamma radiation carries neither charge nor mass, the 
product of y-ray emission by "Co is Co. 


“"Co>SCo+y (y-ray emission) 


Spontaneous Fission 


Nuclides with atomic numbers of 90 or more undergo a form of radioactive decay known as spontaneous fission in 
which the parent nucleus splits into a pair of smaller nuclei. The reaction is usually accompanied by the ejection of one 
or more neutrons. 


Cf Oxe+ Rut 4in 
For all but the very heaviest isotopes, spontaneous fission is a very slow reaction. Spontaneous fission of **U, for example, 
is almost 2 million times slower than the rate at which this nuclide undergoes a-decay. 


Solved Example 14-6 | 


Predict the products of the following nuclear reactions. Solution 
(a) Electron emission by “C We can predict the product of each reaction by writing 
(b) Positron emission by “B an equation in which both mass number and charge are 
(c) Electron capture by “I conserved. 

soos 210: 
(d) Alpha emission by “Rn (a) “C-> “N+ Le (b) °B—> *Be+t °c 


(e) Gamma-ray emission by "Ni a eae a ie ; 
(c) “Sl+je7> 3Tet+hv  (d) °,.Rn—-*,,Po+ ;He 
(e) “SNi— 3,Ni+7 
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Solved Example | 14-7 | 


Lh disintegrates to give °Y°Pb as the final product. How Solution 


many @- and f -particles are emitted during the process? ee : 
y B-p ae The reaction involved is *},Th > {5Pb+7 3He+6 e.There 


are 7 a-particles and 6 $-particles. 


Solved Example | 14-8 


Predict a reasonable decay mode for each of the following. predicted because it is rather light for an electron 

Write the decay reaction and explain your reasoning: capture. jF > ,je+v + ',O 

(a) “Am (b) “F (c) “Ca (d) “Ir (c) “Ca: Calcium average molecular weight is 40, so 
as a lighter element, it undergoes negatron decay. 

Solution ca > Jet+SSc+v 


(a) “"Am: A very large nuclei, so a-decay is predicted. (4) ‘Tr: Iridium’s average molecular weight is 192. As a 
8 Am > ta + 2Np heavier element, it is more likely to undergo electron 


93 
bane, capture than positron decay. 'Ir+ $e > '’Os+v 
(b) "F: Fluoride’s average molecular weight is 19, so P P Yn ie 


this atom is light on neutron. A positron decay is 


Solved Example | 14-9, 


*“Bi decays to isotope A by a@-emission; A then decays to Solution 
B by B-emission, which decays to C by another B-emission. 
Element C decays to D by still another B-emission, and 
D decays by a@-emission to a stable isotope, E. What is the 
proper symbol of element E? 


214p; 4 210 0 210 0 210p; 0 210 
@3b1— ,He+ *,, Tl > _e+ “Pb > _e+ *,,Bi _e + °,,Po 
(A) (B) (C) (D) 


210 4 206 
Po — >He+ “Pb 
(D) (E) 


14.5 | DECAY MECHANISM IN NEUTRON-RICH AND NEUTRON-POOR 
NUCLIDES 


In 1934 Enrico Fermi proposed a theory that explained the three forms of B-decay. He argued that a neutron could 
decay to form a proton by emitting an electron. 


jn H+ Se [electron (B~) emission] 
A proton, on the other hand, could be transformed into a neutron by two pathways. It can capture an electron. 
tH+ Je jn (electron capture) 
or it can emit a positron tH > jn+,{e [positron (8*) emission] 
Electron emission, therefore, leads to an increase in the atomic number of the nucleus. 
14 14 0 
6 > 7N+ 4e 


Both electron capture and positron emission, on the other hand, result in a decrease in the atomic number of the 
nucleus. 


iBe+ $e > {Li+hv 


NC > B+ Se+v 
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14.5 | Decay Mechanism in Neutron-Rich and Neutron-Poor Nuclides 


A plot of the number of neutrons vs. the number of protons 120 at —-- 
for all of the stable naturally occurring isotopes is shown in 74 W \ 23] 
Fig. 14.4. Several conclusions can be drawn from this plot. 110 (= 1.49) 7 


1. The stable nuclides lie in a very narrow band of neutron-to- 100 


proton ratios. 


2. The ratio of neutrons to protons in stable nuclides gradu- sa 


ally increases as the number of protons in the nucleus 


: 80 
increases. 


N 
[o) 


3. Light nuclides, such as °C, contain about the same number 
of neutrons and protons. Heavy nuclides, such as **U, con- 
tain up to 1.6 times as many neutrons as protons. 


Neutrons 
oD 
{a} 


4. The solid line represents a neutron-to-proton ratio of 1:1. 
There are no stable nuclides with atomic numbers larger 
than 83. 


a 
oO 


pS 
oO 


(a) Nuclei that lie above this line have too many neutrons 
and are therefore neutron-rich. 

(b) Nuclei that lie below this line do not have enough 
neutrons and are therefore neutron-poor. 


wo 
(fo) 


The most likely mode of decay for a neutron-rich nucleus is 

one that converts a neutron into a proton. Every neutron-rich 

radioactive isotope with an atomic number smaller than 83 

decays by electron (8°) emission. “C, *P and *S, for example, 

are all neutron-rich nuclei that decay by the emission of an Figure 14.4 A graph of the number of neutrons 

electron. vs. the number of protons for all stable naturally 
occurring nuclei. 


0 10 20 30 40 50 60 70 80 
Protons 


iS > ECl+ Se (B emission) 


Neutron-poor nuclides decay by modes that convert a proton into a neutron. Neutron-poor nuclides with atomic num- 
bers less than 83 tend to decay by either electron capture or positron emission. Many of these nuclides decay by both 
routes, but positron emission is more often observed in the lighter nuclides, such as “Na. 


22 22 0 + Ss gs 
1,Na—> jjNe+ ,e (8° emission) 


Electron capture is more common among heavier nuclides, such as '*I, because the 1s electrons are held closer to the 
nucleus of an atom as the charge on the nucleus increases. 


'BI1+ Se 'STe+hv (electron capture) 


A third mode of decay is observed in neutron-poor 
nuclides that have atomic numbers larger than 83. 
Although it is not obvious at first, ~-decay increases 
the ratio of neutrons to protons. Consider what hap- 
pens during the @-decay of **U, for example. 


EU > 7*Th+ He (a-decay) 


The parent nuclide (**U) in this reaction has 92 protons 
and 146 neutrons, which means that the neutron-to- 
proton ratio is 1.587 The daughter nuclide (*“Th) has 
90 protons and 144 neutrons, so its neutron-to-proton 
ratio is 1.600. The daughter nuclide is therefore slightly Figure 14.5 a-particle decay in neutron-poor nuclides 
less likely to be neutron-poor as shown in Fig. 14.5. such as 7°°U. 


238 


234TH 
(5 144 neutrons 


(5 146 neutrons 


p 92 protons 1.587) 


4 
p 90 protons : 00) Be 
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Write the nuclear reactions for the following: 
(a) the a-decay of **Pu, 


(b) the negatron (negative B-particle) decay of Co, 
(c) the positron decay of ''C, 
(d) the electron capture decay of **Bi, 


(e) the neutron-induced fission of *°U into Ba, Kr 
and two neutrons, 


(f) sis! (ua 4n)”°CE, 
(g) SU (n, v)y"U. 


Solution 

(a) 73;Pu > $He+ *3U 

(b) SCo > Se+v+QNi 

(c) UC Se+v+ iB 

(d) *SBi+ feov+ *SPb 

(e) *3U+ jn 'BBa+2 int Kr 
(f) *ZU+%C 4 hint RC 


239 


(g) U + n> oU+y 


Solved Example | 14-11 | 


Predict the most likely modes of decay and the products 
of decay of the following nuclides: (a) "F, (b) ‘Ag and 
(c) Ta. 


Solution 


The first step in predicting the mode of decay of a nuclide 
is to decide whether the nuclide is neutron-rich or neu- 
tron-poor. This can be done by comparing the mass num- 
ber of the nuclide with the atomic weight of the element. 


(a) The atomic weight of fluorine is 18.998 amu. Because 
the mass of an 'F nuclide is smaller than that of the 
average fluorine atom, the '’F nuclide must contain 
fewer neutrons. It is therefore likely to be neutron- 
poor. Because it is a relatively light nuclide, 'F might 
be expected to decay by positron emission. 


NF > {O+ te (B*emission) 


(b) The atomic weight of silver is 107868 amu. Because 
the mass of the Ag nuclide is smaller than that of the 
average silver atom, it contains fewer neutrons than 
the stable isotopes of silver. ‘Ag is therefore likely 
to behave as a neutron-poor nuclide. Since ‘Ag is a 
relatively heavy nuclide, we might expect it to decay 
by electron capture. 


“Ag+ Se '?Pd+hv (electron capture) 

(c) The atomic weight of tantalum is 180.948 amu. The 
mass of the ‘Ta isotope is therefore significantly 
larger than that of the average tantalum atom, which 
means it contains an unusually large number of neu- 
trons. Because this isotope is neutron-rich, it decays 
by electron emission. 


‘Ta > '}W+ Se (B emission) 


Solved Example 14-12 


“ALis a stable isotope. *3Al is expected to disintegrate by 
which emission? 


Solution 


Since {3A has two neutrons more than required for stability, 
and is a neutron-rich nuclide, it will undergo f-emission. 


Solved Example 14-13 


Classify the following nuclides as stable, 3-particle emitters 
and positron emitters: 


195 208 8 150: 30 120, 94 
wllZ, Pb, <B, %Ho, ;,Al, <pSn and ,,Kr 


Solution 


Nuclides near the stability curve are probably stable: 


208 120, 
pbb and ;,sn 
Those above the curve are negatron emitters: 
30 94 
Al and 3,Kr 
Those below the curve are positron emitters: 


195 8 150: 
sollg, ;B and ~Ho. 


https://telegram.me/unacademyplusdiscounts 


Telegram @unacademyplusdiscounts 


14.6 | Binding Energy and Nuclear Stability 


14.6 | BINDING ENERGY AND NUCLEAR STABILITY 


We should be able to predict the mass of an atom from the masses of the subatomic particles it contains. A helium 
atom, for example, contains two protons, two neutrons and two electrons. The mass of a helium atom therefore should 
be 4.0329802 amu. 


2(1.0072765) amu = 2.0145530 amu 
2(1.0086650) amu = 2.0173300 amu 
2(0.0005486) amu = 0.0010972 amu 

Total mass = 4.0329802 amu 


When the mass of a helium atom is measured, we find that the experimental value is smaller than the predicted mass 
by 0.0303769 amu. 
Predicted mass = 4.0329802 amu 


Observed mass = 4.0026033 amu 
Mass defect = 0.0303769 amu 


The difference between the mass of an atom and the sum of the masses of its protons, neutrons and electrons is called 
the mass defect. The mass defect of an atom reflects the stability of the nucleus. It is equal to the energy released 
when the nucleus is formed from its protons and neutrons. The mass defect is therefore also known as the binding 
energy of the nucleus. 

The binding energy serves the same function for nuclear reactions as AH° for a chemical reaction. It measures 
the difference between the stability of the products of the reaction and the starting materials. The larger the binding 
energy, the more stable the nucleus. The binding energy can also be viewed as the amount of energy it would take to 
rip the nucleus apart to form isolated neutrons and protons. It is therefore literally the energy that binds together the 
neutrons and protons in the nucleus. 

The binding energy of a nuclide can be calculated from its mass defect with Einstein’s equation that relates mass 
and energy. 


[Ee (14.2) 
To obtain the binding energy in units of joules, we must convert the mass defect from atomic mass units into kilograms. 


1.6605655x10™g — Ikg 
x 
lamu 1000 g 


0.0303769 amu x = 5.04428 x10’ kg 


Multiplying the mass defect in kilograms by the square of the speed of light in units of meters per second gives binding 
energy for a single helium atom of 4.53357 x 10°” J. 


E = (5.04428 x 10? kg) (2.9979246 x 108 ms”)? = 4.53357 x 10° J 


Multiplying the result of this calculation by the number of atoms in a mole gives a binding energy for helium of 2.730 x 
10” J mol", or 2.730 billion kJ mol. 


4.53357 x10? J . 6.022 x 107 atoms 
latom 1mol 


= 2.730x 10" Jmol 


This calculation helps us understand the fascination of nuclear reactions. The energy released when natural gas is 
burned is about 800 kJ mol. The synthesis of a mole of helium releases 3.4 million times as much energy. 

Since most nuclear reactions are carried out on very small samples of material, the mole is not a reasonable basis 
for measurement. Binding energies are usually expressed in units of electron volts (eV) or million electron volts 
(MeV) per atom. The binding energy of helium is 28.3 x 10° eV atom" or 28.3 MeV atom”. 


4.53357 x10 J ‘3 leV 
latom 1.602 x10? J 
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Calculations of the binding energy can be simplified by using the following conversion factor between the mass defect 


in atomic mass units and the binding energy in million electron volts. 
1 amu = 931.5016 MeV 


Binding energies gradually increase 


with atomic number, although they 
tend to level off near the end of the 


periodic table. A more useful quan- S | | - 
tity is obtained by dividing the bind- = 65 Lae Ee 
ing energy for a nuclide by the total S L 
number of protons and neutrons it 8 - . 
contains. This quantity is known as Ss OO+& . 
the binding energy per nucleon. SF 
The binding energy per nucleon 5 8.0 rr 
ranges from about 75 to 8.8 MeV for 3 126 
most nuclei, as shown in Fig. 14.6. It Ss Ff L 
reaches a maximum, however, at an oa i 


atomic mass of about 60 amu. The 


largest binding energy per nucleon is led ml, | 


64gm| “hs 


observed for “Fe, which is the most 0 20 40 60 80 
stable nuclide in the periodic table. 
Nuclei lighter than “Fe can become 
more stable by fusing together; nuclei 
significantly heavier than “Fe can 
become more stable by splitting apart. 

The graph of binding energy per nucleon vs. atomic mass explains 
why energy is released when relatively small nuclei combine to form 
larger nuclei in fusion reactions. 


12 2 Fusion 24 
6C+ GC Mg 

It also explains why energy is released when relatively heavy nuclei 
split apart in fission (literally, “to split or cleave’) reactions. 

235 Fission 139 94 1 
1 0) «Bat 3Kkr+25n 

There are a number of small irregularities in the binding energy 
curve at the low end of the mass spectrum, as shown in Fig. 14.7 
The “He nucleus, for example, is much more stable than its near- 
est neighbors. The unusual stability of the “He nucleus explains why 
a-particle decay is usually much faster than the spontaneous fission 
of a nuclide into two large fragments. 


Packing fraction = (Isotopic mass — Mass number) x 10* 


Mass number 


1. Its value may be negative, zero or positive. 
2. Nuclei with positive packing fraction are highly unstable. 


3. Packing fraction is least for H and maximum for Fe. 


120 140 160 180 200 220 240 260 


Atomic mass (amu) 


Figure 14.6 The binding energy per nucleon, reaches a maximum at *Fe. 


‘He 14 


Binding energy per nucleon (MeV) 


0 10 20 30 
Atomic mass (amu) 
Figure 14.7 The binding energy 
per nucleon for most stable nuclei is 
between 7.8 and 8.8 meV per nucleon. 


Solved Example 14-14 | 


Calculate the binding energy of *U if the mass of this Solution 
nuclide is 235.0439 amu. 


A neutral *°U atom contains 92 protons, 92 electrons, and 


https://telegram.me/unacadchfYBIORS SAS URES ted mass of aU atom is there- 


fore, 


9601 amu. 


92(1.00728) amu = 92.6698 amu 
92(0.0005486) amu = 0.0505 amu 
143(1.00867) amu = 144.2398 amu 
Total mass = 236.9601 amu 


To calculate the mass defect for this nucleus, we subtract 
the observed mass from the predicted mass. 
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Predicted mass = 236.9601 amu 
Observed mass = 235.0439 amu 


Mass defect = 1.9162 amu 
Using the conversion factor that relates the binding energy 
to the mass defect, we obtain binding energy for **U as 


1.9162amu . 931.50 MeV 
latom 


= 1784.9 MeVatom™ 


lamu 


Solved Example 14-15 | 


Calculate the binding energy per nucleon (in MeV) in He 
atom, }He which has a mass of 4.001505 amu. Mass of one 
neutron = 1.008665 amu and mass of 1 hydrogen atom = 
1.007825 amu. 


Solution 


He atom has 4 nucleons (2 protons +2 neutrons). The mass of 
2 protons and 2 neutrons add up to a total mass of 4.03188 u, 


however, the given mass is 4.001505 u. The mass defect is, 
therefore, 0.03038 u. From the expression E = Amc’, the 
binding energy for He is 0.03038 x 931.7 = 28.3 MeV. So, 
the average binding energy per nucleon is 28.3 MeV/4 = 
7.07 MeV. 


Solved Example 14-16 | 


Calculate the binding energy (in MeV and J moI') and 
binding energy per nucleon for “°Xe (135.9072 daltons), 
“Pb (207.9766 daltons) and *Si (27.97693 daltons). 
Which nucleus is the most stable? 


Solution 


We know that mass of neutron = 1.0086641 and mass of 
proton + mass of electron = 1.008374 

Also, 1 dalton = 931.7 MeV. 

For ‘Xe: number of protons = number of electrons = 
54 and number of neutrons = 82, so predicted mass 
13716265 — 135.9072 dalton. Hence, mass defect is 


Am = 1.2555 daltons = 1169.7 MeV, so binding energy per 
nucleon = 1169.71136 = 8.601 MeV nucleon 
For “Pb: number of protons = electrons = 82, and number 
of neutrons = 126, so predicted mass = 209.77834 dalton. 
Hence, mass defect is 209.77834 — 207.97<< or 


Am = 1.8017 daltons = 1678.7 MeV. So binding energy 
per nucleon = 1678.7/208 = 8.071 MeV nucleon 


For “Si: number of protons = electrons = 14, and number of 
neutrons = 14, so predicted mass = 28.23853 daltons. Hence, 
mass defect is 28.23853 — 27.97<93, or 


Am = 0.26160 daltons = 243.73 MeV. So binding energy 
per nucleon = 243.73/28 = 8.705 MeV nucleon 


Therefore silicon-28 is the most stable nucleus. 


14.7 | THE KINETICS OF RADIOACTIVE DECAY 


Radioactive Nuclei Decay by First-Order Kinetics 


usdiscounts 


Consider a radioactive substance A undergoing radioactive decay to form substance B, then if the initial concentration 
of the radioactive substance is N and the amount dN disintegrates in time ¢, then by first order kinetics 


Rate = — oy =kN 
dt 
The rate of radioactive decay is therefore the product of a rate constant (k) times the number of atoms of the isotope 
in the sample (N). The negative sign shows that the number of isotopes of the atom decrease with increases in time. 
The rate of radioactive decay does not depend on the chemical state of the isotope. The rate of decay of **U, for example, 
is the same in uranium metal, uranium hexafluoride or any other compound of this element. 
For radioactive decay, the rate constant k is known as the disintegration or decay constant and is represented by A. 


—-dN 


A =——dt 14.3 
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: —-dN 
When time t=1s, A=— 
N 
Thus, disintegration constant can be defined as the fraction of the total number of atoms disintegrating per second. 


Integrating Eq. (14.3), we get 


InN=At+A 
where A is the integration constant. At t=0, N= N,, therefore, we have 
N, N, 
InN =-At+InN, > n—= At > =e” 
N N 
or Ne Nees Na NO a (14.4) 


The time required for decay of any specific fraction (7) of the isotope is proportional to the initial concentration: 


bin a [No] 
The fraction of atoms (a) decayed in time fis given by 
peel ee (14.5) 
No No 


Half-Life Period 


In our discussion of the kinetics of chemical reactions, we noted that the half-life of a first-order process is inversely 
proportional to the rate constant for this process. 


_In2_ 0.6931 


1/2 ~~ k k 
For radioactive processes, the rate constant k is replaced with disintegration constant A. Both k and 4 have the same 
units. 


The half-life for the decay of a radioactive nuclide is the length of time it takes for exactly half of the nuclei in the 
sample to decay. 


In2 0.693 
t = — = — 14.6 
1/2 A A ( ) 
The half-life of a nuclide can be used to estimate the amount of a radioactive isotope left after a given number of half- 
lives. If the initial amount of radioactive substance is N,, then the amount of radioactive substance decomposed and 
left after subsequent half-lives is given in Table 14.2. 


Table 14.2 Relation between the number of half-lives and the amount of radioactive substances present and 
decomposed 


Number of half-lives (nt,,,) Amount of radioactive substance Amount of radioactive substance decomposed 
initially present 

0 N, 0 
lye = Jl 

1 4n, =(4) Ny 1-5No =4No 
2 

twe(i)m 1-4N 238, 
: ly = 2 

3 4n,=(4) No 1-2 No = go 

ie ele sts 
: 16No=(3} No 16 No= 46 No 


14.7 | The Kinetics of Radioactive Decay 


Solved Example 14-17 | 


Calculate the fraction of “C that remains in a sample 
after eight half-lives. 


Solution 


Half of the “C present initially decays during the first half- 
life, half of what is left decays during the second half-life, 


and so on. The “C left after eight half-lives is equal to 
one-half raised to the eighth power. 


1 8 
(5) = 0.00391 
2 


Less than 0.4% of the original “C is left after eight 
half-lives. 


Solved Example 14-18 | 


The half-life for ”’Rn is 3.823 days. How long would it take 
for a sample of *”’Rn that weighs 0.750 g to decay to 0.100 g? 


Solution 


We can start by calculating the rate constant for this decay 
from the half-life reaction. 


pete pie days" 
ty, 3.823 


We then use the integrated form of the first-order 
rate law. 


in| ”) | =-AMt 
(No) 

The ratio of the number of atoms that remain in the sam- 
ple to the number of atoms present initially is the same as 
the ratio of grams at the end of the time period (0.100 g) 
to the number of grams present initially (0.750 g). 


(0.100) | 4 
in| O20 | -« 0.1813 days” )t 


Solving for ¢, we find that it takes 11.1 days for 0.750 g of 
“Rn to decay to 0.100 g of this nuclide. 


Solved Example 14-19 | 


You have 0.1 gram-atom of a radioactive isotope 7X 
(half-life = 5 days). How many number of atoms will 
decay during the eleventh day? 


Solution 


The number of atoms undergoing decay is N, = 0.1 x 
6.023 x 10” = 6.023 x 10” atoms. 


The number of atoms decayed after ten days = 


22 
6.023 x10" _ 1.505107 
2x2 


After 11 days, the number of atoms decayed = 
Nye“ = 6.023 x e O19 = 6.023 x 10” x 0.2177 = 1.31x 10” 


Hence, the number of atoms decayed on the eleventh 
day = (1.505 — 1.31) x 10” = 1.937 x 10”! 


Solved Example 14-20 | 


Calculate the half-life of {}Na if 2.4 x 10~ g sample disinte- 
grates at the rate of 7.75 x 10” atoms s™. 

Solution 

The disintegration constant, 


Disintegration rate 


Number of atoms present 


The number of atoms of “Na present = 2.4 x 10° x 
x x 6.023 x 10” = 6.023 x10" and given that rate = 775 x 


10” atoms s“. On substituting, we get 


12 
mete — = 1,286 10% 57 
6.023 x 10 
0.693 0.693 


Therefore, t,,. = = 0.5388 x 10° s 


A 1.286x 107 
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Average Life 


The atoms of radioactive substance disintegrate in a phased manner. Some atoms disintegrate early while other atoms 
disintegrate in later half-times. The average or mean life of an atom is thus the sum of lives of all atoms divided by the 
total number of atoms 


Total lifetime of all atoms 


Average life (T,,.) = (14.7) 


Total number of atoms 


Let the number of radioactive atoms in a sample initially be N, and at time t be N. If the number of atoms disintegrating 
between time (f+ df) is given by dN, then, total life of dN atoms can be given by dN x (t+ dt) or dN x t (neglecting dt as it 
is very small). Therefore, 


Total life of all the atoms = I" tdN = J can (as number of initial number of atoms is very large) 


The average life of atom is thus given by 


“tdN  { —-tANadr 
Tov = J, = J, (as aM AN) 
No Ny dt 
[> -tanje “de 
= 7% x (as N = N,e“) 
0 
= [--tae*ar = i 
7 A 
The average life is thus equal to the reciprocal of the decay constant. Using this relation in expression for half-life, we get 
0.693 
tne as 0.693 XT iq => Taye = 1-44t (14.8) 
If t=1/A, then N=N,e” =N,e" =0.37N, 


Thus when the time is equal to the reciprocal of decay constant, 63% of the substance undergoes disintegration. Since 
reciprocal to disintegration constant is also equal to T,,,, average life can be defined as the time during which about 63% 
of the substance undergoes disintegration. 


Solved Example 14-21] 


If half-life of Ra is 1580 years, then calculate its average Solution 
life. 


Taygs 


Taye = 1-44t,). = 1.441580 = 2.275 x 10° years 


14.8 | RADIOACTIVE EQUILIBRIUM 


The radioactive decay can take place in steps, wherein the radioactive substance decays to a radioactive intermediate 
(daughter nuclei) which further disintegrates to the stable product. 


A.7._B 75 _C 
Radioactive Daughter Stable 
element nuclei element 


When the rate of decay of radioactive substance A to form element B is same as the rate of formation of product C 
from B, the system is said to be in radioactive equilibrium. 

If A, and A, are the disintegration constants for the two reactions and N, and N, is the number of atoms present 
for A and B at time ¢, then the rate of formation of B or decay of A is given by A,N, and rate of disintegration of B is 
given by A,N,. At equilibrium, 

AN, =A4,N, 
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N, A, VA, = (Tove) 


or == (14.9) 
N, A, V/A, (ose )o 
Thus, the number of atoms of A and B are in the ratio of their average life times. 
We know that ¢,,. = 0.693/A. Substituting in equilibrium relation, we have 
N t 
sal SS ( vo) (14.10) 


N, (ty. )o 


Let us consider two cases: 


Case 1: When A,< A, and (t,,), \ (typ)2 


This case implies that the parent element has longer life than the daughter element, but half-lives of both are 
nearly the same. The number of parent nuclei at any time fis given by 


N, =N,e" 
The amount of daughter element formed at any time f can be calculated using the relation 
Nod, 


Nee eM eh! 14.11 
Seat (14.11) 
When fis sufficiently large, e-**’<e™", so the number of daughter nuclei being formed at any time fis 


N, = A; -Noe“= th ‘N, 


A, _ A, A, ~ A, 
Therefore, Naess (14.12) 
N, A, 


The time at which maximum activity of the daughter element is observed can be calculated using the relation 


2.303 A, 
[a= 1 = 14.13 
max A, = O810 [4 ( ) 


This condition is called transient equilibrium and Eq. (14.12) is a steady state where the ratio of the parent and 
daughter element becomes constant. 
Case 2: When /,> A, and (6,), < (4). 


When the parent element has shorter half-life than the daughter element, steady state is not achieved. 


Parallel Decay 


We have seen that the radioactive decay process though irreversible can reach equilibrium between disintegrating 
parent and daughter nuclei. Let us now examine the case when a parent element disintegrates through two parallel 


paths illustrated as 
AB 
L 
C 


If the rate of disintegration of A to B is given by A, and that of A to C is given by 4,, then the total rate of disintegration 
of A is 


Ane (14.14) 
Here the decay constants for each process can be expressed as 


A, =[Fractional yield of B]x A 


14.15 
A, =[Fractional yield of C]x A ( 
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Solved Example 14-22 


~7 Ac has a half-life of 21.8 years with respect to radioac- 
tive decay. The decay follows two parallel paths, one lead- 
ing to *’Th and the other leading to **Fr. The percentage 
yields of these two daughter nuclides are 1.2% and 98.8%, 
respectively. What is the rate constant in years‘, for each 
of the separate paths? 


Solution 


A,, is equal to the sum of A, and A,. 


1 
-——  2’Th (1.2%) 


227Ac 


|__* _, 223Fr (98.8%) 


0.693 


We have A,. = aie 0.0318 per year 


Thus, we have A, + A, = 0.0318. Also, A,/A, = 98.8/1.2 = 82.33 


Hence, we have 
82.33A, +A, = 0.0318 => A, = awe =3.82x107 


and A, = 82.33 x 3.82 x 107 = 3.14 x 10° 


Solved Example 14-23 


Consider 
i 04 —-a 
228 TI 224p 220R 


where t,,. (Th) = 1.913 years, t,,, (Ra) = 3.64 days. 
Determine the N,,/Np, ratio once transient equilibrium 
has been established in which f,,, (parent) > t,,. (daugh- 
ter) or A (parent) < A (daughter). 


Solution 
At transient equilibrium, we have 


Now = Ares —Am 2 Ares = (tip )an _ 1.913 years 


Nra Aon 7 Am (tr) Ra 7 (3.64/365) years 7 


Solved Example | 14-24 


If t,, of A is 12 h and that of B is 60 min in the radioactive 
equilibrium A — B, then calculate the time at which B 
will have maximum activity. 


Solution 


We know that, = eae loe{ 2] 
As = As An 


where 


_ 0.693 


Asn Dp = 0.058 h" and Ap = ue 


=—— = 0.693 h™ 
60/60 


Substituting, we get 


2.303 (se | 2.303 


tax =——— log} ——— |= log(0.0836)=3 91h 
0.058 —0.693 0.693) -0.635 


14.9 | ACTIVITY OF RADIOACTIVE SUBSTANCES, DETECTION AND UNITS 
OF RADIOACTIVITY 


The rate at which a radioactive isotope decays is called the activity (A) of the isotope. It is measured as the number 
of disintegrations taking place per second. The activity per kilogram (sometimes gram is also used) of a radioactive 
substance is known as specific activity. A substance with higher activity will disintegrate faster and vice versa. The rela- 
tive rates at which radioactive nuclei decay can be expressed in terms of either the rate constants for the decay or the 
half-lives of the nuclei. We can conclude that ““C decays more rapidly than **U, for example, by noting that the rate 
constant for the decay of “C is much Jarger than that for **U. We can reach the same conclusion by noting that the 
half-life for the decay of “C is much shorter than that for *°U. 


https://telegram.me/unacademyplusdiscounts 


Telegram @unacademyplusdiscounts 


14.9 | Activity of Radioactive Substances, Detection and Units of Radioactivity 


Detection of Radioactivity 


The Geiger—Miiller tube, one part of a Geiger counter, detects B- and y-radiations having energy high enough to 
penetrate the tube’s window. Inside the tube is a gas under low pressure in which ions form when radiation enters. 
The ions permit a pulse of electricity to flow, which activates a current amplifier, a pulse counter, and an audible 
click. A scintillation counter contains a sensor composed of a substance called a phosphor that emits a tiny flash of 
light when struck by a particle of ionizing radiation. These flashes can be magnified electronically and automatically 
counted. 

The rate at which a radioactive substance decays is measured by counting the number of particles emitted by a 
mass of substance per unit time. Two types of counters are mainly used for the purpose of detection and measurement 
of radiation and these are described as follows. 


1. Scintillation counter: This is used mainly for the detection and measurement of g radiation. It consists of a scintil- 
lator or sensor composed of a substance called a phosphor which generates photon of light when struck by inci- 
dent radiation. These flashes can be magnified electronically and automatically counted. The scintillator generally 
used are sodium iodide (Nal), thallium iodide (TI) for detection of y-radiation and cesium iodide (CsI) and zinc 
sulphide (ZnS) for detection of a-particles. 


2. Geiger Muller counter: This is generally used for detection and measurement of charged particles, such as a@- 
and $-particles which have high energy to penetrate the tube’s window. An inert gas such as argon, helium or 
neon filled in the Geiger-Muller tube functions as a radiation detection medium. The particles of radiation ionize 
the inert gas at low pressure and the ionized gas particles are formed. The ions permit a pulse of electricity to 
flow, which activates a current amplifier, a pulse counter, and an audible click. For detection of neutrons boron 
trifluoride is mixed with the inert gas and a plastic moderator is used to slow down the neutrons. a-particles are 
created in the counter from the neutrons and they are hence counted. 


Units of Radioactivity 


The most common unit of activity is the curie (Ci), which was originally defined as the number of disintegrations per 
second in 1 g of **Ra. The curie is now defined as the amount of radioactive isotope necessary to achieve an activity 
of 3.700 x 10'° disintegrations per second. The curie is a very large unit of measurement. Activities of samples handled 
in the laboratory are therefore often reported in millicuries (mCi) = 10 Ci or microcuries (uCi) = 10° Ci. The unit of 
decay constant / is time’. 

Another unit used for measuring radioactivity is Rutherford (Rd) and it is defined as the amount of radioactive 
substance that undergoes 10° disintegrations per second. Smaller units like milli- and micro-Rutherford are also used 
and these correspond to the substance causing 10° or 1 disintegrations per second, respectively. Internationally, the S.I. 
unit of radioactivity being used now is becquerel (Bq), where 


1 becquerel = 1 radioactive decay per second (14.16) 


1 Ci=3.7 x 10" disintegrations s“ = 3.7 x 10'° Bq 


A liter of air has an activity of about 0.04 Bq, due to carbon-14 in its carbon dioxide. A gram of natural uranium has 
an activity of about 2.6 x 10“ Bq. The becquerel is named after Henri Becquerel (1852-1908), the discoverer of radio- 
activity, who won a Nobel prize in 1903. 

Nuclear radiation can have varying effects depending on the energy of the radiation and its ability to be absorbed. 
The unit gray (Gy) is the S.I. unit of absorbed dose, and 1 gray corresponds to 1 J of energy absorbed per kilogram of 
absorbing material. The unit rad is an older unit of absorbed dose, 1 rad being the absorption of 107 J kg™ of tissue. 
Thus, 1 Gy equals 100 rad. Rad is generally multiplied by a factor called relative biological effectiveness (RBE) which 
is a measure of relative biological damage caused by the radiation. 

The unit gray is not a good basis for comparing the biological effects of radiation in tissue, because these effects 
depend not just on the energy absorbed but also on the kind of radiation and the tissue itself. The unit sievert (Sv), the 
S.I. unit of dose equivalent, was invented to meet this problem. The unit rem is an older unit of dose equivalent, one 
still used in medicine. Its value is generally taken to equal 107 Sv. Rem stands for roentgen equivalent for man, where 
the roentgen is a unit related to ionizing radiations, such as X-rays and y-rays. 
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Solved Example 14-25 | 


The most abundant isotope of uranium is **U. Analysis of 
uranium ore samples suggests that 99.276% of the atoms 
of uranium are **U. Calculate the activity of the **U in 
1L of a 1.00 M solution of the uranyl ion, UO;*. The rate 
constant for the decay of this isotope is 4.87 x 10°'* disin- 
tegrations per second. 


Solution 


The rate at which the **U isotope decays depends on the 
rate constant for this reaction (A) and the number of ura- 
nium atoms in the sample (N). The rate constant for the 


decay of this nuclide was given in the statement of the 
problem, and we can calculate the number of uranium 
atoms in the sample by noting that a liter of a 1.00 M 
UO" solution contains one mole of uranium atoms. 


Rate = A N= (4.87 x 10°* s')(6.10 x 10” atoms) = 
2.93 x 10° atoms s” 


To calculate the activity of this sample, we have to convert 
from disintegrations per second (atom s”) to curies. 


1Ci 
3.700 x 10"° atoms s“ 
This sample has an activity of 79.2 wCi. 


= 7.92 x10°Ci 


2.93 x 10° atoms s7 x 


Solved Example 14-26 


Plutonium-238 has been used as a source to power heart 
pacemaker batteries. Its half-life is 8774 years. Calculate 
the activity in units of curies for 0.25 g of pure pluto- 
nium-238 used in a pacemaker battery. Why is it a good 
power source in a pacemaker? 


Solution 
The half-life is 


G7 F4 veins 365.25 day “d 24h - 60 min os 
1 year 1day th 1min 


= 2.769 x10" s 


The disintegration constant is 
In2_ ss In2 


—=2.503x10" s+ 
ty. 2.769X10°s 


A= 


23 
1 mol . (6.20 x 10° atoms) = 63x10 
238 g 


So, activity = AN = 2.503 x 10° x 6.3 x 10° = 1.6 x 10"' dps 
In curie units, we have 


Now, 0.25 g x atoms 


1 mol 


1c 
3.7x 10" dps 
Plutonium-238 satisfies all the conditions for a good pace- 
maker, which are as follows: (a) a very small amount of 


fuel is required; (b) as an @ emitter it is easily shielded 
and (c) it lasts for a very long time. 


16x10" aps{ J=49 Ci 


Solved Example 14-27 


A Co source (t,,.=5.2714 years) that had an initial activity 
of 5.0 Ci has been in a laboratory for 15 years. Calculate 
the exposure rate at 3.0 ft from the source. Assume there 
is no shielding around the source and remember to 
account for decay of the source. The value of vn is 1 for 
both the “Co y-rays (which have energies of 1.3325 MeV 
and 1.1732 MeV) and the f -ray has energy of 0.338 MeV. 


Solution 


Converting f,,, in seconds, we get 


5.2714 yearsx 365.25 day o 24h «(= 5) 
1 year lday th 


=1.664x108s 


3.7 x 10"° 
= 5.0 Ci x} ———— 
A= 50 Ci «(208 


) = 1.85x10'' dps 
i 


But A, =AN, 31.85 x 10" = (4.16 x 10°)N, 
or N,=4.44x 10" atoms 
Given that 15 years = 4.73 x 10° s and 3.0 ft= 91.4 cm. Now, 


In N,-InN=At 
So, In (4.44 x 10”) — In N = (4.16 x 10° s*) x (4.73 x 108s) 
or N=5.9x10" 
Now, A =AN = (4.16 x 10°)(5.9 x 10%) = 0.67 Ci or 670 mCi 
B= peentliesa ie ee ae 2.7x10* mremh 
(91.4) 
y, = 8X10 —— ie ceiegs 
os 6 x 670 can 1 = 524 mrem hh”! 


Therefore, the total exposure rate = 2.8 x 10° m rem h"' = 
24 rem h™. 
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Solved Example 14-28 


The limit of a particular detection system is 0.002 dps for Solution 
1 g sample. Find the maximum half-life that this system 
could detect in a 1 g sample of a nuclide of mass number 
200. 


We know that the activity is A = 


[oe 
activity of 0.002 dps is 


1/2 


Jw. So, ¢,. for 


_ 0.693 _ 6.023107 


to = x = 1.043x 10% s 
0.002 200 


Solved Example 14-29 | 


A mixture of *’Pu and “’Pu to have a specific activity of 0.693N — 0.693 x (6.023 x 10°) 
6.0 x 10° dps. The half-lives of the isotopes are 2.44 x 10° Aw py = AN = 7" ~ 6 58x10° x 240 
and 6.58 x 10° years, respectively. Calculate the isotopic 
composition of this sample. 


= 2.6410" years 'g = 8.37x10’s g" 


Solution Now, the given specific activity of mixture is 6-0 x 10’ dps”. 


—— 7" Suppose the fraction of *’Pu in the mixture be x, then 
Specific activity is defined as the activity per gram of each fraction of “Pu is 1 — x. Now, we have 


isotope and is given by 
(2.27 x 10°)x + (1—x)(8.37 x10”) = 6.010" 
_ 0.693N _ 0.693 x (6.023 x 10”) 


sop, = AN = 2.27 -8.37) x10°x = (6.0-8.37) x 10° 
Pu on 2.44 x10" x 239 el eS a Oar) aa0 
61x = 2.37 = x = 0.39 


=7.15x10" years ‘g™ = 2.27x10°s g7 Soe acd 
So the isotopic composition is 39%. 


A 


14.10 | NATURAL VS. INDUCED RADIOACTIVITY 


Natural Radioactivity 


The vast majority of the nuclides found in nature are stable. If our planet is 4.6 billion years old, the only radioactive 
isotopes that should remain are members of three classes. 
1. Isotopes with half-lives of at least 10° years, such as **U. 


2. Daughter nuclides produced when long-lived radioactive nuclides decay, such as the “Th (t,,, = 24.1 days) pro- 
duced by the a@-decay of **U. 


3. Nuclides such as “C that are still being synthesized. 
In Section 14.2, we encountered the factors that influence the stability of a nuclide: 


1. Stability of even number of protons and neutron. 
2. Stability of filled shells (magic number). 
3. Ratio of neutrons to protons. (Nuclei that contain either too many or too few neutrons are unstable.) 


If nuclei tend to be more stable when they have even numbers of protons and neutrons, it is not surprising that nuclides 
with an odd number of both protons and neutrons are unstable. “’K is one of only five naturally occurring nuclides that 
contain both an odd number of protons and an odd number of neutrons. This nuclide simultaneously undergoes the 
electron capture and positron emission expected for neutron-poor nuclides and the electron emission observed with 
neutron-rich nuclides, as we saw in Fig. 14.4. 
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Only 18 radioactive isotopes with atomic num- 92 
bers of 80 or less can be found in nature. With the r An series a 7 
exception of “C, which is continuously synthesized - ra 228 Ac /aTh 
in the atmosphere, all these elements have lifetimes 88 i N is | 
longer than 10° years. Although these isotopes all L es Ra | gga | 
undergo radioactive decay, they decay so slowly that c 86 2A 
reasonable quantities are still present, 4.6 billion ©& F *PO aern 7 
years after the planet was formed. Se L mpp ae eR / Po | 

wef BRN 

° ° ° b 208 82 4 
Radioactive Series 80 ail 
The parent nuclide is *’Th, which undergoes a -decay soo eer eae rii4g poi bee | 


to form **Ra. The product of this reaction decays by B 125 130 135 140 145 
-emission to form ”*Ac, which decays to **Th, and so Neutrons 

on, until the stable ““Pb isotope is formed. This family Figure 14.8 The 4nseries starts with 2’Th and eventually 
of radionuclides is called the 4n series, because all its decays to “Pb. 

members have a mass number that can be divided by 

4 (Fig. 14.8). 

A second family of radioactive nuclei starts with **U and decays to form the stable *°Pb isotope. Every member of 
this series has a mass number that fits the equation 4 + 2. The third family, known as the 4n + 3 series, starts with **U 
and decays to *’Pb. A 4n + 1 series once existed, which started with *’Np and decayed to form the only stable isotope 
of bismuth, *”Bi. The half-life of every member of this series is less than 2 x 10° years, however, so none of the nuclides 
produced by the decay of neptunium remain in detectable quantities on the earth. 

The heavy radioactive elements may be grouped into four decay series. The common radioactive elements thorium, 
uranium and actinium occur naturally and belong to three different series named after them. They are the parent members 
of their respective series and have the longest half-life periods. They decay by a series of a- and B-emissions, and produce 
radioactive elements which are successively more stable until finally a stable isotope is reached. All three series terminate 
with lead (7SPb, EB and *Pb). Following the discovery of the artificial post-uranitum elements, the neptunium series has 
been added, which ends with bismuth, *3Bi. 


1. Thorium (47) series 
2. Neptunium (47 + 1) series 
3. Uranium (4n + 2) series 
4. Actinium (4n + 3) series 
The numbers in brackets indicate that the parent and all the members of a particular series have mass numbers exactly 


divisible by four, or divisible by four with a remainder of one, two or three. There is no natural cross-linking between 
the four series, although this can be performed artificially (Fig. 14.9). 


Induced Radioactivity 


In 1934, Irene Curie, the daughter of Pierre and Marie Curie, and her husband, Frederic Joliot, announced the first 
synthesis of an artificial radioactive isotope. They bombarded a thin piece of aluminum foil with a@-particles produced 
by the decay of polonium and found that the aluminum target became radioactive. Chemical analysis showed that the 
product of this reaction was an isotope of phosphorus. 


27 4 30 1 
pAI+ He > ;;P+ on 


In the next 50 years, more than 2000 other artificial radionuclides were synthesized. The process by which a stable 
isotope is converted into radioactive element by artificial means (artificial transmutation) is called artificial or induced 
radioactivity. 

A shorthand notation has been developed for nuclear reactions such as the reaction discovered by Curie and 
Joliot. The parent (or target) nuclide and the daughter nuclide are separated by parentheses that contain the symbols 
for the particle that hits the target and the particle or particles released in this reaction. 


Al (an) i5P 
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Thorium (4n) series 


B B 


a a a 
75 Th ——> “ae Ra ——> 738 Ac —> G8 Th —> “Ra —> *2ORn 


fo) 
84 
Yo 
216 208 
g4 PO 83 g2 Pb 
a 
213 Ni 208-7 7B 


Neptunium (4n + 1) series 


Uranium (4n + 2) series 


of B 
238 234 234 
go U > “Go Th > “91 Pa B 


a a a 
‘ “92 U > “go Th —> “3g Ra ——> “Gg Rn 
238 238 
93 Np > “Gq Pu ) 
14 
“Ato a4 FO oF 
a ne 214 on Boog, 2. ato @ 206 
g4 PO Pa a Pb > “gg Bi > “gq Po > “go Po 
a 
214 bp B 210-7 B 
82 at 
Actinium (4n + 3) series 
239 Bog B  o09 235 231 231 
g2 U > “93 Np > “94 Pu > “92 U > “0 Th > “1 Pa 
211 po 
Ba oO 
223 219, 215 p @ 211 Bh B 211 Bi 207 Bp 
gg tA ——> gg IN —— > gg FO > gn FD ——> 48 82 
O™* 207 
Tl 


Figure 14.9 Radioactivity series. 


The nuclear reactions used to synthesize artificial radionuclides are characterized by enormous activation energies. 
Three devices are used to overcome these activation energies: linear accelerators, cyclotrons, and nuclear reactors. 
Linear accelerators or cyclotrons can be used to excite charged particles such as protons, electrons, a-particles, or even 
heavier ions, which are then focused on a stationary target. The following reaction, for example, can be induced by a 
cyclotron or linear accelerator. 


24 2 22 4 
pMg+;H—-{,Na+;,He 


Because these reactions involve the capture of positively charged particles, they usually produce a neutron-poor 


Artificial radionuclides are also synthesized in nuclear reactors, which are excellent sources of slow-moving or 
thermal neutrons. The absorption of a neutron usually results in a neutron-rich nuclide. The following neutron absorp- 
tion reaction occurs in the cooling systems of nuclear reactors cooled with liquid sodium metal. 


23 1 24 
Na+ )n— {Naty 


In 1940, absorption of thermal neutrons was used to synthesize the first elements with atomic numbers larger than 
the heaviest naturally occurring element, uranium. The first of these truly artificial elements were neptunium and 
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plutonium, which were synthesized by Edwin M. McMillan and Philip H. Abelson by irradiating **U with neutrons to 
form *’U 


Ut yn —’,,U +7 (neutron capture) 


which undergoes B-decay to form *’Np and then *’Pu. 
"BU > 72Np+ Se 
"RNP EPu+ Se 
Larger bombarding particles were eventually used to produce even heavier transuranium elements. 
Bs 4 {He > Md+ hn 
Cm +2C > No +4in 
The half-lives for o-decay and spontaneous fission decrease as the atomic number of the element increases. Element 


104, for example, has a half-life for spontaneous fission of 0.3 s. Elements, therefore, become harder to characterize as 
the atomic number increases. 


251 32 282 1 
gsCl + 169 SD 1g Xt of 


Solved Example | 14-30] 


To what stable isotope from *$Pb, *43Bi and *X?Pb would Solution 


257 
Lr decay to? ; : : 
Me y *),Lr belongs to (4n + 1) series, so it decays to 7} Bi. 


Solved Example | 14-31, 


Which out of *3$Pb, *33Pb, *3Pb and *%{Bi is the termi- Solution 
nal member of the naturally occurring radioactive series 
which begins with *};U? 


Out of the given list, only *fiPb is the member of (4n + 3) 


series. The emission of a, 8 or y particles would change 
the mass number by 0 or 4, so the daughter nuclei must 
also be in the same series as the parent nuclei. 


14.11 | TRANSMUTATION 


Both the energy and the mass of a bombarding particle enter the target nucleus at the moment of capture. The energy 
of the new nucleus, called a compound nucleus, quickly becomes distributed among all of the nucleons, but the nucleus 
is nevertheless rendered somewhat unstable. To get rid of the excess energy, a compound nucleus generally ejects 
something (a neutron, proton, or electron) and often emits yradiation as well. This leaves a new nucleus of an isotope 
different than the original target, so a transmutation has occurred overall. 

Ernest Rutherford observed the first example of artificial transmutation. He let a-particles pass through a cham- 
ber containing nitrogen atoms, an entirely new radiation was generated, one much more penetrating than a-radiation. 
It proved to be a stream of protons. Rutherford was able to show that the protons came from the decay of the com- 
pound nuclei of fluorine-18, produced when nitrogen-14 nuclei captured bombarding o-particles. 


‘He + “N > BRe 5 "9 + OH 
a-particle Nitrogen Fluorine Oxygen (a radioactive _ Proton 
nucleus (compound but stable isotope) _ (high energy) 
nucleus) 


In the synthesis of o-particles from lithium-7 protons are used as bombarding particles. The resulting compound 
nucleus, that of beryllium-8, splits in two. 


tH + SLi > *Be* + 2$He 
Proton Lithium Beryllium _—_aq-particles 
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A given compound nucleus can be made ina variety of ways. Aluminum-27, for example, forms by any of the following routes. 
SHe+ Na > ZAI* 
(H+ 3Mg > 7 Al* 
TH+5Mg > 3 Al* 

Each path gives the compound nucleus {; Al* a different amount of energy. Depending on this energy, different paths 


of decay are available, and all of the following routes have been observed. They illustrate how the synthesis of such a 
large number of synthetic isotopes, some stable and others unstable, has been possible. 


p> isl + or 
Aluminium-27 Gamma 
(now stable) radiation 
> <8Mg + 1H 
Magnesium-26 Proton 
(stable) radiation 
The mode of decay is 
27 aye a function of the 26 1 
g/l nuclear energy of eae i 0” 
aluminium-27. Aluminium-26 Neutron 
(unstable) radiation 


(t,o = 7.4 x 10° years) 


|—>» “Mg + on + iH 
Magnesium-25 Neutron Proton 

(stable) radiation radiation 
i+» “Na + jHe 

Sodium-23 Alpha 

(stable) radiation 


Transmutation for Nuclear Synthesis 


Over a thousand isotopes have been made by transmutations; most do not occur naturally. The naturally occurring 
radioactive isotopes above atomic number 83 all have very long half-lives. Others might have existed, but their half- 
lives probably were too short to permit them to last into our era. All of the elements beyond neptunium (atomic 
number 93 and higher, known as the transuranium elements) are synthetic. Elements from atomic numbers 93 to 103 
complete the actinoid series of the periodic table, which starts with element 90, thorium. Beyond this series, elements 
104-116 and 118 have also been made. 

To make the heaviest elements, bombarding particles larger than neutrons are used, such as a@-particles or the 
nuclei of heavier atoms. For example, element 110 (darmstadtium, Ds) was made when a neutron was ejected from the 
compound nucleus formed by the fusion of nickel-62 and lead-208. 


62n7T: 208 270 269 1 
agNi + “Pb 119Ds > j7,Ds+ on 


Similarly, some atoms of element 111 (roentgenium, Rg) formed when a neutron was lost from the compound nucleus 
made by bombarding bismuth-209 with nickel-64. Most of these heavy atoms are extremely unstable, with half-lives meas- 
ured in fractions of milliseconds. An exception is element 114; two isotopes have been detected with half-lives reported 
to be in seconds. 


14.12 | NUCLEAR REACTIONS 


Nuclear reaction is a process in which two nuclei, or a nucleus of an atom and a subatomic particle such as a proton, 
neutron, high energy electron or a-particle from outside the atom, react to produce one or more new elementary par- 
ticles (nuclides). Thus, a nuclear reaction must cause a transformation of at least one elementary particle to another. 
Nuclear reactions are represented in the same manner as chemical reactions. The rules for balancing a nuclear equa- 
tion are as follows: https://telegram.me/unacademyplusdiscounts 
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1. The sum of the mass numbers on each side of the arrow must be the same. 
2. The sum of the atomic numbers (nuclear charge) on each side of the arrow must be the same. 


3. The number of neutrons, protons and atoms of each element are balanced on both sides of the equation. 


Nuclear reactions differ from chemical reactions in terms of energy considerations. The energies associated with 
nuclear reactions are several orders of magnitude larger than those associated with chemical reactions. These reactions 
may occur naturally, as observed in the Sun and other stars, generating both heat and light energy. These reactions may 
also be induced artificially by bombarding a nucleus with y-rays or different particles such as neutrons, positrons, etc. 
Some important types of nuclear reactions are: 


1. Particle capture reaction: In these reactions, the particle used for bombarding is absorbed by the substance, with 
or without the emission of y-radiation. For example, 


TAL+ jn BAL+Y 


2. Particle-particle reaction: In these reactions, the collision of a nucleus with the bombarding particle leads to 
formation of a new nucleus and a new elementary particle. Most of the nuclear reactions fall in this category. 
For example, 


14 1 14 1 
N+ pn (C+ ,H 


3. Spallation reaction: In these reactions, high energy projectiles remove a fragment of the heavy nucleus to form 
two new nuclei and a new elementary particle. For example, 


75 2 56 1 1 
pAst+ jH > 5;Mn+ ,H+125n 


4. Fission reaction: In these reactions, a heavy nucleus is broken down into two heavy or medium fragments and is 
accompanied by release of neutrons and large amount of energy. For example, 
235 1 139 94 ut 
yUt+ on {Bat ,Kr+3,n 
5. Fusion reaction: In these reactions, light nuclei fuse together to form new nuclei that are comparatively heavy and 


release a large amount of energy. For example, 


{Li+ |H — 2He + Energy 


Solved Example | 14-32 


Calculate the energy released in MeV from the reaction: Am = (10.01605 + 2.01472) — (11.01286 + 1.00812) 
°B4?H > "B4+'H = 12.03077 — 12.02098 


7 = 3 
Given atomic masses '"B = 10.01605 amu; ''B = 11.01286 7 eae = 9.79 x10" amu 
amu; 7H = 2.01472 amu; 'H = 1.00812 amu. and energy is 


Sclision Amx931 MeV = 9.79 x 10° x 931 = 9.11449 MeV 


Now, Am = Mass of reactants — Mass of products, so 


Solved Example | 14-33 | 


Lithium bombarded with protons releases two a@-particles Given atomic masses: Li= 7.01601 amu, H = 1.00812 amu 


and energy: and He = 4.00260 amu. 

(a) Write the nuclear reaction. Solution 

(b) Calculate the loss in mass. 

(c) Calculate the nuclear energy. (a) The nuclear reaction is ;Li+;H — 2;He + Energy 
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(b) Loss in mass, Am = Mass of reactants — Mass of prod- (c) The nuclear energy is given by 


ucts, thus, Amc’ = Amx931 MeV = 0.01893 x 931 
Am = (7.01601 + 1.00812) — (2 x 4.00260) ~ 176238 MeV 


= 8.02413 — 8.00520 = 0.01893 amu 


Solved Example 14-34 | 


Nuclear fission of **U releases energy of the order of 235 g of uranium contains 6.023 x 10” nuclei. Therefore, 


175 MeV per nuclear fission. Calculate the energy released 6.023 x10 


per gram of **U undergoing fission. 1g of uranium contains = 335. 2.56 x 10” nuclei 


Given that the energy released per nucleus fission = 175 
MeV. Therefore, the energy released on fission of the 2.56 x 
The number of nuclei present per gram of **U can be 10” nuclei present in 1 g of *°U is 175 x 2.56 x 10” = 4.48 x 
calculated as follows: 10° MeV. 


Solution 


Nuclear Fission 


The graph of binding energy per nucleon in Fig. 14.7 suggests that nuclides with a mass larger than about 130 amu 
should spontaneously split apart to form lighter, more stable nuclides. Experimentally, we find that spontaneous fission 
reactions occur for only the very heaviest nuclides—those with mass numbers of 230 or more. Even when they do occur, 
these reactions are often very slow. The half-life for the spontaneous fission of **U, for example, is 10'° years, or about 2 
million times longer than the age of our planet! 

We do not have to wait, however, for slow spontaneous fission reactions to occur. By irradiating samples of heavy 
nuclides with slow-moving thermal neutrons, it is possible to induce fission reactions. When *U absorbs a thermal neu- 
tron, for example, it splits into two particles of uneven mass 
and releases an average of 2.5 neutrons, as shown in Fig. 14.10. 

More than 370 daughter nuclides with atomic masses 
between 72 and 161 amu are formed in the thermal-neutron- 
induced fission of **U, including the two products shown 
below. 


235 1 139 94 1 
pUt+ on 5,Bat ,Kr+3,n 


. : . . Fission 
Several isotopes of uranium undergo induced fission. products 


But the only naturally occurring isotope in which we can 
induce fission with thermal neutrons is *°U, which is pre- 
sent at an abundance of only 0.72%. The induced fission of 
this isotope releases an average of 200 MeV per atom, or 
80 million kJ g™ of **U. The attraction of nuclear fission as 
a source of power can be understood by comparing this value with the 50 kJ g' released when natural gas is burned. 

Spontaneous fission of **U or **U in this reactor produced a very small number of neutrons. But enough uranium 
was present so that one of these neutrons induced the fission of a **U nucleus, thereby releasing an average of 2.5 
neutrons, which catalyzed the fission of additional **U nuclei in a chain reaction, as shown in Fig. 14.11. The amount of 
fissionable material necessary for the chain reaction to sustain itself is called the critical mass. 


Figure 14.10 The absorption of a neutron by *°U 
induces oscillations in the nucleus that deform it 
until it splits into fragments 


Nuclear Reactors 


As we have seen, some of the neutrons released in the chain reaction are absorbed by **U to form *’U, which undergoes 
decay by the successive loss of two B™ particles to form *’Pu. **U is an example of a fertile nuclide. It doesn’t undergo 
fission with thermal neutrons, but it can be converted to *’Pu, which does undergo thermal-neutron-induced fission. 
Fission reactors can be designed to handle naturally abundant *°U, as well as fuels described as slightly enriched 
(2-5% **U), highly enriched (20-30% **U), or fully enriched (>90% **U). Heat generated in the reactor core is trans- 
ferred to a cooling agent in a closed system. The cooling agent is then passed through a series of heat exchangers in 
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which water is heated to steam. The 
steam produced in these exchangers 
then drives a turbine that generates 
electrical power. There are two ways 
of specifying the power of such a 
plant: the thermal energy produced 
by the reactor or the electrical energy 
generated by the turbines. The elec- 
trical capacity of the plant is usu- 
ally about one-third of the thermal 
power. It takes 10'' fissions per sec- 
ond to produce 1 watt of electrical 
power. As a result, about 1 g of fuel 
is consumed per day per megawatt of 
electrical energy produced 

The basic principle and main 
components of a nuclear power 
reactor are described as follows. 
The energy released from fission of 
fissionable material (e.g., enriched 
**U) is harnessed as heat and is used 
to produce steam, which drives the 
turbine to produce electricity. The 
principle is somewhat similar to 
that of the other electricity genera- 
tors, the only difference being that 
nuclear fuels are used here for the 


purpose. The parts inside the core of 
a nuclear reactor and their functions Figure 14.11 Chain reactions occur when the substance needed to start 


are as follows: the reaction is regenerated in the course of the reaction. 


Fuel 


Fission 
products 


Neutrons 


Fuel 


Fission 
products 


Neutrons 


1. Fuel rods: These are made up of 
hundreds of **U pellets stacked with each other. These rods are arranged into fuel assemblies inside the core. 


2. Moderator: Its function is to slow down the neutrons, because only neutrons of a certain speed get captured by 
the nucleus and hence cause fission. In most cases, water is used as a moderator. 


3. Control rods: These are made of materials that are highly efficient neutron capturers, for example, cadmium and 
boron. These rods can be inserted into or withdrawn from the reactor core to control the rate of reaction. 


4. Coolant: It is used to absorb heat from the reactor. Water is generally used as a coolant. 
5. Steam generator: It generates steam to spin the turbine (not used in boiling water reactors). 


6. Containment: It is a shield made of concrete and steel to protect the nuclear reactor from the environment and to 
protect the environment from any radiation due to malfunction. 


The parts outside the reactor core are the turbines, the heat exchanger and part of the cooling system. A boiling water 
reactor is shown in Fig. 14.12. 

Nuclear reactors may also be classified in different ways, depending on the type of coolant, moderator and fuels 
used. On the basis of neutron energy, they may be of two types: 


1. Thermal neutron reactors: The nuclear fission in these reactors are controlled by use of moderator and coolant. 


2. Fast neutron reactors: The nuclear fission in these reactors is carried out by unmoderated fast neutrons. These are 
generally cooled by liquid metal. 


Breeder Reactors 


Reactors in which the ratio of the *’Pu or **U produced to the **U consumed is greater than 1 generate more fuel than is 


consumed. Such reactors are known as breeders. Thus, breeder reactors generate new fissionable material at a rate greater 
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than their consumption rate. Due to their 
superior fuel economy, they are highly in 
demand. Normal reactors consume less than 
1% of the natural uranium, while breeder 
reactors can utilize a much greater amount 
of initial fissionable material, and can con- 


Containment 
structure 
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Steam line 


Nuclear Reactions 


Pressure {- 
sume almost all the remaining initial material vessel Isolation Turbine 
too by reprocessing. While normal reactors valves generator 
use naturally occurring uranium, which has 
sa +7, 235 <— <— 

very small quantities of fissile “°U, breeder C Te TTT TTT) 
reactors can be designed to utilize thorium, ate Pump 

. . . Y 
which is more abundant than uranium. i 

Breeding ratio is the measure of the = 
efficiency of a reactor. It is the average Fo Sede Tos 
: & Control rods Condenser 

number of fissile atoms created per fis- TM cooling water 
sion event. There are two types of breeder I ee Water pool 
— cc 


1. Fast breeder reactor: This uses pluto- 
nium as the initial fuel, and thereafter 
only natural uranium. Therefore, this fuel cycle is termed as plutonium economy. 


Figure 14.12 A boiling water reactor. 


2. Thermal breeder reactor: This type of reactor uses enriched uranium, or plutonium, or mixed oxide fuel as the initial 
fuel, and thereafter requires only thorium as the input. *’Th produces *U after neutron capture and B-decay. 


The key to an efficient breeder reactor is a fuel that gives the largest possible number of neutrons released per neutron 
absorbed. The breeder reactors being built today use a mixture of PuO, and UO, as the fuel and fast neutrons to acti- 
vate fission. Fast neutrons carry energy of at least several KeV and therefore travel 10,000 or more times faster than 
thermal neutrons. *’Pu in the fuel assembly absorbs one of these fast neutrons and undergoes fission with the release 
of three neutrons. **U in the fuel then captures one of these neutrons to produce additional *’Pu. 

The advantage of breeder reactors is obvious — they mean a limitless supply of fuel for nuclear reactors. There 
are significant disadvantages, however. Breeder reactors are more expensive to build. They are also useless without a 
subsidiary industry to collect the fuel, process it, and ship the *’Pu to new reactors. 

It is the reprocessing of *’Pu that concerns most of the critics of breeder reactors. *’Pu is so dangerous as a car- 
cinogen that the nuclear industry places a limit on exposure to this material that assumes workers inhale no more than 
0.2 ug of plutonium over their lifetimes. There is also concern that the *’Pu produced by these reactors might be stolen 
and assembled into bombs by terrorist organizations. 


Nuclear Fusion 


The graph of binding energy per nucleon in Fig. 14.7 suggests another way of obtaining useful energy from nuclear 
reactions. Fusing two light nuclei can liberate as much energy as the fission of **U or *’Pu. The fusion of four protons 
to form a helium nucleus and two positrons, for example, generates 24.7 MeV of energy. 


4'H — $He+2%e 


Most of the energy radiated from the surface of the sun is produced by the fusion of protons to form helium atoms 
within its core. 

Fusion reactions have been duplicated in man-made devices. The decision was made to develop the weapon, and 
the first artificial fusion reaction occurred when the hydrogen bomb was tested in November 1952. 

The reaction that is most likely to fuel the first fusion reactor is the thermonuclear d-t, or deuterium-tritium, 
reaction. This reaction fuses two isotopes of hydrogen, deuterium (7H) and tritium (*H), to form helium and a neutron. 


2 3 4 1. 
1H+;H—->He+ on 


If we consider the implications of this reaction, we can begin to understand why it is called a thermonuclear reaction 
and why it is so difficult to produce helium in a controlled manner. The d-t reaction requires that we fuse two positively 
charged particles. This means that we must provide enough energy to overcome the force of repulsion between these 
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particles before fusion can occur. To produce a self-sustaining reaction, we have to provide the particles with enough 
thermal energy so that they can fuse when they collide. 

Each fusion reaction is characterized by a specific ignition temperature, which must be surpassed before the reac- 
tion can occur. The d-t reaction has an ignition temperature above 10° K. In a hydrogen bomb, a fission reaction pro- 
duced by a small atomic bomb is used to heat the contents to the temperature required to initiate fusion. Obtaining 
the same result in a controlled reaction is much more challenging. 

Any substance at temperatures approaching 10° K will exist as a completely ionized gas, or plasma. The goals of 
fusion research at present include the following. 


1. To achieve the required temperature to ignite the fusion reaction. 


2. To keep the plasma together at this temperature long enough to get useful amounts of energy out of the thermo- 
nuclear fusion reactions. 


3. To obtain more energy from the thermonuclear reactions than is used to heat the plasma to the ignition temperature. 


Nuclear Reactions in the Sun 


The pressure inside the core of the Sun is high enough, which pushes the hydrogen atoms close to each other. The two 
hydrogen atoms combine to yield a bigger atom (helium), with release of a large amount of energy. This process is not 
a single step process, but takes place in multiple steps, which are: 


Step 1: Two protons combine to form a deuterium atom, a positron (or antielectron) and a neutrino: 
iH+ jH > {H+ Je+v 
Step 2: A proton and deuterium combine to form a *He atom and a yray (photon): 
1H + |H— 3He +7 
Step 3: Two *He atoms combine together to yield a “He atom and two protons: 
3He+ }He— }He+ }H+}H 


The net energy released is 26 MeV. These reactions are responsible for 85% of the Sun’s energy. The remaining 15% 
can be accounted for by the following reactions: 


Step 1: He and }He combine to form /Be and a y- ray (photon): 
sHe+ 5He > [Be+y 
Step 2: The {Be captures an electron to yield Li and a neutrino: 


{Be + Electron > {Li+ Neutrino 


Step 3: The {Li combines with a proton to form two }He atoms, a positron and a neutrino: 


$B > 23He + Positron + Neutrino 


14.13 | BBOLOGICAL EFFECTS OF RADIATION 


To understand the biological effects of radiation, we must first understand the difference between ionizing radiation 
and non-ionizing radiation. In general, two things can happen when radiation is absorbed by matter: excitation or ioni- 
zation. Excitation occurs when the radiation excites the motion of the atoms or molecules, or excites an electron from 
an occupied orbital into an empty, higher-energy orbital. Jonization occurs when the radiation carries enough energy 
to remove an electron from an atom or molecule. 

Because living tissue is 70-90% water by weight, the dividing line between radiation that excites electrons and 
radiation that forms ions is often assumed to be equal to the energy required to remove an electron from a neutral 
water molecule: 1216 kJ mol”. Radiation that has less energy can only excite the water molecule. It is, therefore, called 
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non-ionizing radiation. Radiation that carries more energy than 1216 kJ mol can remove an electron from a water 
molecule and is, therefore, called ionizing radiation. 

Table 14.3 contains estimates of the energies of various kinds of radiation. Radio waves, microwaves, infrared 
radiation and visible light are all forms of non-ionizing radiation. X-rays, y-rays, and a- and B-particles are forms 
of ionizing radiation. The dividing line between ionizing and non-ionizing radiation in the electromagnetic spec- 
trum falls in the ultraviolet portion of the spectrum. It is therefore useful to divide the UV spectrum into two cat- 
egories: UV, and UV,. Radiation at the high-energy end of the UV spectrum can be as dangerous as X-rays or 


y-rays. 


Table 14.3 Energies of ionizing and non-ionizing forms of radiation 


Typical Typical 
Radiation frequency (s”') energy (kJ”) 
Particles 
a -Particles 4.1108 
B -Particles 1.5x107 
Electromagnetic radiation 
Cosmic rays 6 x 107 2.410? Ionizing 
y-Rays BoolOn 1.2108 radiation 
X-Rays 3x 10” 1.2x10° 
Ultraviolet Balm 1200 
Visible 53x 0" 200 
Infrared 3 10" 12 Non-ionizing 
Microwaves 3 x 10° 1210 radiation 
Radio waves 3x 10’ 1.2 x 10> 


When ionizing radiation passes through living tissue, electrons are removed from neutral water molecules to produce 
H,O’ ions. Between three and four water molecules are ionized for every 1.6 x 10” J of energy absorbed in the form 
of ionizing radiation. 


H,O >H,O* +e 


The H,O* ion should not be confused with the H,O* ion produced when acids dissolve in water. The H,O* ion is an 
example of a free radical, which contains an unpaired valence-shell electron. Free radicals are extremely reactive. The 
radicals formed when ionizing radiation passes through water are among the strongest oxidizing agents that can exist 
in aqueous solution. At the molecular level, these oxidizing agents destroy biologically active molecules by either 
removing electrons or removing hydrogen atoms. This often leads to damage to the membrane, nucleus, chromosomes, 
or mitochondria of the cell that either inhibits cell division, results in cell death, or produces a malignant cell. 


Biological Effects of lonizing Radiation 


It takes a great deal of non-ionizing radiation to reach dangerous levels. We can assume, for example, that absorption 
of enough radiation to produce an increase of about 6°C in body temperature would be fatal. Since the average 70 kg 
human is 80% water by weight, we can use the heat capacity of water to calculate that it would take about 1.5 million 
joules of non-ionizing radiation to kill the average human. If this energy were carried by visible light with a frequency 
of 5x 10"s"', it would correspond to absorption of about seven moles of photons. 

Ionizing radiation is much more dangerous. A dose of only 300 J of X-ray or y-ray radiation is fatal for the aver- 
age human, even though this radiation raises the temperature of the body by only 0.001°C. a-particle radiation is even 
more dangerous; a dose equivalent to only 15 J is fatal for the average human. Whereas it takes 7 mol of photons of 
visible light to produce a fatal dose of non-ionizing radiation, absorption of only 7 x 10°’ mol of the a-particles emit- 
ted by **U is fatal. 
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There are three ways of measuring ionizing radiation. 


1. Measure the activity of the source in units of disintegrations per second or curies, which is the easiest measurement 
to make. 

2. Measure the radiation to which an object is exposed in units of roentgens by measuring the amount of ionization 
produced when this radiation passes through a sample of air. 

3. Measure the radiation absorbed by the object in units of radiation absorbed doses or “rads.” This is the most useful 
quantity, but it is the hardest to obtain. 


One radiation absorbed dose, or rad, corresponds to the absorption of 10~ J of energy per gram of body weight. Because 
this is equivalent to 0.01 J kg, one rad produces an increase in body temperature of about 2 x 10°°C. At first glance, the 
rad may seem to be a negligibly small unit of measurement. The destructive power of the radicals produced when water 
is ionized is so large, however, that cells are inactivated at a dose of 100 rads, and a dose of 400 to 450 rads is fatal for the 
average human. 

Not all forms of radiation have the same efficiency for damaging biological organisms. The faster energy 
is lost as the radiation passes through the tissue, the more damage it does. To correct for the differences in radi- 
ation biological effectiveness (RBE) among various forms of radiation, a second unit of absorbed dose has been 
defined. The roentgen equivalent man (rem) is the absorbed dose in rads times the biological effectiveness of the 
radiation. 


rems = rads x RBE (14.17) 
Values for the RBE of different forms of radiation are given in Table 14.4. 


Table 14.4 The radiation biological effectiveness of various forms of radiation 


Radiation RBE 
X-rays and y-rays il 
B-particles il 
Thermal (slow-moving) neutrons 3 
Fast-moving neutrons or protons 10 
a-—particles or heavy ions 20 


The principal effect of low doses of ionizing radiation is to induce cancers, which may take up to 20 years to develop. 
Cells that are actively dividing are more sensitive to radiation than cells that aren’t. Thus cells in the liver, kidney, 
muscle, brain, and bone are more resistant to radiation than the cells of bone marrow, the reproductive organs, the 
epithelium of the intestine, and the skin, which suffer the most damage from radiation. Damage to the bone marrow is 
the main cause of death at moderately high levels of exposure (200 to 1000 rads). Damage to the gastrointestinal tract 
is the major cause of death for exposures of the order of 100 to 10,000 rads. Massive damage to the central nervous 
system is the cause of death from extremely high exposures (over 10,000 rads). 
The relation between exposure rate and the distance from the source is 


2 
Uiibynee a e 
d 


_ (14.18) 
I d; 


where J, and J, are the exposure rates. This relation is also called inverse square law. 
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Solved Example 14-35 | 


Suppose that a radiologist who is 2.0 m from a small, Solution 
unshielded source of radiation receives 2.8 units of radia- 7 fs Sanat : 

: : ae We know that — =—. Thus, substituting given values 
tion. To reduce the exposure to 0.28 units of radiation, ee 4 rs 

to what distance from the source should the radiologist g 


move? =i, fi =2.0 tae =6.3m 
I, V0.28 
Solved Example 


What is the activity, in Ci, of a y-ray source that emits Solution 
a single 1.67 MeV y-ray per disintegration, if the 
dose received at a distance of 1.0 m from the source is 


33 dh'? i 
bac d= 10m (= am) ( ls }( A )- 33 ft 
1m 2.54 cm 12 in 


For y-radiation, 6 AEn d~ = dose in m rad h' 


337 = OAXL ST a =A=24mCi=0.24 Ci 


Solved Example 14-37 | 


If exposure from a distance of 1.60 m gave a worker a dose Substituting the given values, we get 
of 8.4 rem, how far should the worker move away from the Sie ? 
a 2 


source to reduce the dose to 0.50 rem for the same period? = 73 d,=6.6m 
0.50rem (1.60) 


Solution 


This calculation makes use of the inverse square law: 
_& 


I, d; 


14.14 | APPLICATIONS OF RADIOACTIVITY 


Nuclear energy is an environment-friendly energy resource for power generation. A very small amount of 
nuclear fuel is sufficient for the production of a large amount of energy in nuclear-powered reactors. The use of 
this fuel results in diminished dependence on fossil fuels. Nuclear fuels also do not emit gases such as CO,, SO, 
and NO, that are released on burning fossil fuels. Emission of these gases is responsible for many problems aris- 
ing due to indiscriminate use of fossil fuels, such as global warming, greenhouse effect, acid rain, etc. The water that 
is discharged from the nuclear reactors is free from radiation and is clean enough to conserve wild and aquatic 
ecosystems. 

Nuclear energy is used to enhance the production/yield of crops. The use of nuclear radiation prevents moulding 
of seeds, delays ripening of fruits and brings about other such desirable changes. Some techniques such as sterile insect 
technique are useful in control of agricultural pests. 

The important applications of radioactivity are in the field of nuclear medicine and carbon dating. 


Dating by Radioactive Decay 


The earth is constantly bombarded by cosmic rays emitted by the sun. The total energy received in the form of cos- 
mic rays is small—no more than the energy received by the planet from starlight. But the energy of a single cosmic 
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ray is very large, of the order of several billion electron volts (~200 million kJ mol’). These highly energetic rays 
react with atoms in the atmosphere to produce neutrons that then react with nitrogen atoms in the atmosphere to 
produce “C. 
MN +n > C+jH 
The “C formed in this reaction is a neutron-rich nuclide that decays by electron emission with a half-life of 
5730 years. 
NC > N+ Se 
Just after World War II, Willard F. Libby proposed a way to use these reactions to estimate the age of carbon- 
containing substances. The “C dating technique for which Libby received the Nobel Prize was based on the following 
assumptions. 
1. “C is produced in the atmosphere at a more or less constant rate. 


2. Carbon atoms circulate among the atmosphere, the oceans, and living organisms at a rate very much faster than 
they decay. As a result, there is a constant concentration of “C in all living things. 


im) 


. After death, organisms no longer pick up “C. 


= 


. Thus, by comparing the activity of a sample with the activity of living tissue, we can estimate how long it has been 
since the organism died. 


The natural abundance of “C is about 1 part in 10”, and the average activity of living tissue is 15.3 disintegrations per 
minute per gram of carbon. Samples used for “C dating can include charcoal, wood, cloth, paper, seashells, limestone, 
flesh, hair, soil, peat, and bone. Since most iron samples also contain carbon, it is possible to estimate the time since 
iron was last fired by analyzing for “C. 

Potassium-—argon dating, for example, has been used to date samples up to 4.3 billion years old. Naturally occur- 
ring potassium contains 0.0118% by weight of the radioactive ““K isotope. This isotope decays to “’Ar with a half-life 
of 1.3 billion years. The “Ar produced after a rock crystallizes is trapped in the crystal lattice. It can be released, how- 
ever, when the rock is melted at temperatures up to 2000°C. By measuring the amount of “’Ar released when the rock 
is melted and comparing it with the amount of potassium in the sample, the time since the rock crystallized can be 
determined. 


Note: The amount of “C in the atmosphere has not been constant with time. Because of changes in solar activity 
and the earth’s magnetic field, it has varied by as much as +5%. More recently, contamination from the burning of 
fossil fuels and the testing of nuclear weapons has caused significant changes in the amount of radioactive carbon 
in the atmosphere. Radiocarbon dates are therefore reported in years before the present era (B.P.). By convention, 
the present era is assumed to begin in 1950, when “C dating was introduced. 


The amount of sample that remains and the age of the sample can be determined using integrated form of first-order 
reaction. This is explained in the following solved examples. 


Note: In examples of dating, the rate constant k is used to represent disintegration constant A. 


Solved Example 14-38 | 


The skin, bone, and clothing of an adult female mummy proportional to the rate constant for this decay and the 
were dated by radiocarbon analysis. How oldis thismummy time since death. 
if the sample exhibited 73.9% of the activity of living tissue? N 
In (=) =-kt 
0 


Solution 


Because “C decays by first-order kinetics, the natural The rate constant for this reaction can be calculated from 
log of the ratio of the “C in the sample today (N) to the _ the half-life of '“C, which is 5730 years. 
amount that would be present if it were still alive (N,) is 
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it? 2 18? 4 oom yeus 
i,  5730y 


If the sample retained 73.9% of the activity of living 
tissue, the ratio of the activity today (N) to the original 
activity (N,) is 0.739. Substituting what we know into the 


14.14 | Applications of Radioactivity 


integrated form of the first-order rate law gives the fol- 
lowing equation. 


In(0.739) =— (1.210 x 10“ years™)t 


Solving this equation for the unknown gives an estimate 
of the time since death. 


t= 2.50 x 10° years 


Solved Example 14-39 | 


The “C content of an ancient piece of wood was found to 
be one-eighth of that in living trees. How many years old 
is this piece of wood (t,,, = 5730 years for '“C)? 


Solution 


For a first order process, 


k eee 200s 1.210 x10“ years 


to 5730 


Also, In a = kt. Therefore, 


2.303 
In = 


Se aT log 5 )=1:72x10' years 


1 


Solved Example 14-40 | 


A wooden door lintel from an excavated site would be 
expected to have what ratio of carbon-14 to carbon-12 
atoms if the lintel is 9.0 x 10° years old? 


Solution 


if : 
We have In * = kt, where r, and r, are the ratio of carbon-14 
if 


to carbon-12 atoms at f= 0 and time ¢, respectively. 


-12 
in $2200") = (1.21x10)(9.0x 10") 
I, 
-12 4 3 
or log( 22X10") _ C.21%10*)9.0%10") _ 4 srogg 
; 2.303 
-12 
Solving, we get rs cceal Aa = 40x10" 
2.97 


Solved Example 14-41 | 


A worker in a laboratory unknowingly became exposed 
to a sample of radiolabeled sodium iodide made from 
iodine-131 (B-emitter, t,,, = 8.07 days). The mistake was 
realized 28.0 days after the accidental exposure, at which 
time the activity of the sample was 25.6 x 10° Ci g". The 
safety officer needed to know how active the sample was 
at the time of the exposure. Calculate that value in curies 
per gram 


Solution 
This calculation makes use of the first order rate equa- 


tion, where knowing [A],, we need to calculate [A], 


In [Alo =kt 
[A], 


The rate constant for the first-order process is first 
determined: 


0.693 _ 0.693 
tio 8.07 
Substituting, values, we get 
[A], 
(25.6 x10 Cig™) 


8.59 x 107 days” 


= (8.59 x 10) x (28.0) 


Taking the exponential of both sides of the above equa- 
tion gives 
[Alo 


2 He Slit 
(25.6x10° Cig”) 


Solving for the value of [A],, we get [A], = 2.84 x 10° Ci g* 
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Solved Example 14-42 | 


What percentage of caesium chloride made from caesium- [A], a 
137 (t,,.= 30 years; B emitter) remains after 150 years? Also, In [ =kt or [A], =[A], exp(- kd. Substituting 
t 

: values, we get 
Solution 
The chemical product is BaCl.. For a first order reaction, ay = exp[—(2.30x 107)(150)] = 313x107 

t 
k 0.693 0.693 2.30102 y7 
Lip 30 So, 3.1% of the original sample remains. 


Nuclear Medicine 


Ever since the first X-ray images were obtained by Roentgen in 1895, ionizing radiation and radionuclides have played 
a vital role in medicine. This work has been so fruitful that a separate field known as nuclear medicine has developed. 
Research in this field focuses on either therapeutic or diagnostic uses of radiation. 

There are three standard approaches to fighting cancer: surgery, chemotherapy and radiation. Surgery, by its 
very nature, is invasive. Chemotherapy and classic approaches to radiation therapy are not selective. Research in 
recent years has therefore examined new approaches to radiation therapy that specifically attack tumor cells, with- 
out damaging normal tissue. The technique known as boron neutron capture therapy provides an example of this 
work. 

Naturally occurring boron consists of two stable isotopes: '"B (19.7%) and ''B (80.3%). '"B absorbs thermal neu- 
trons to form "'B in a nuclear excited state. Although ''B in its nuclear ground state is stable, this excited ''B nuclide 
undergoes fission to produce ’Li and an a-particle. 


10 1 17:,4 
sb+ on > ,Li+ ,He 


Because the energy of a thermal neutron is only about 0.025 eV, the neutrons that are not absorbed do relatively 
little damage to the normal tissue. The o-particle emitted in this reaction has energy of 2.79 MeV, however, which 
makes it an extremely lethal form of radiation. The RBE for o-particle radiation is larger than any other particle in 
Table 14.4 because this relatively massive particle loses energy very efficiently as it collides with matter. Radiation 
damage from the a-particle is therefore restricted to the immediate vicinity of the tissue that absorbed the thermal 
neutron. 


SOLVED OBJECTIVE QUESTIONS FROM PREVIOUS YEAR PAPERS 


1. The more stable isotope of sodium is *Na. The atom “Na 2. A nuclear explosion has taken place leading to increase 
can undergo radioactive decay via in concentration “C in nearby areas. “C concentration is 
(A) B” emission (B) aemission C, in nearby areas and C, in areas far away. If the age of the 
(C) B* emission (D) K-electron capture fossil is determined to be ¢, and ¢, at the places, respectively, 

(IIT-JEE 2003) then 
(A) the age of the fossil will increase at the place where 
Solution . 1, C¢, 
explosion has taken place and ¢, —t, = —In— 
(A) nip ratio of “Na nuclide is 13/11 that is, greater than AC, 
unity and hence radioactive. To achieve stability, it (B) the age of the fossil will decrease at the place where 
would tend to adjust its n/p ratio to the proper value . 1.C 
of unity. This can be done by breaking a neutron into explosion has taken place and t,—t, ates 


proton and electron. It would tend to adjust its ¢ 


; ; i (C) the age of fossil will be determined to be same. 
ot > H+ je (or B) 


wD) 4-4 
The proton will stay inside the nucleus whereas elec- 6 
tron which cannot exist in the nucleus, will be emitted 
out as B-ray. 


(IIT-JEE 2006) 
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Solved Objective Questions from Previous Year Papers 


Solution 6a 2B 
238 214 5 oe Pb 


> 
** (= 6;3He) 2 {e) 


(A) This is in accordance with first order kinetics, 
k=tIn— where t=t,-t, 6. The number of neutrons emitted when *33U undergoes con- 


92 
? trolled nuclear fission to form '4;Xe and {Se is : 


3. A positron is emitted from {}Na. The ratio of the atomic (IIT-JEE 2010) 
mass and atomic number of the resulting nuclide is . 
(A) 22/10 (B) 22/11 Solution 


(C) 23/10 (D) 23/12 (IIT-JEE 2007) (3) 30 3 '8Xe + Sr +3jn which means that three neu- 


trons are emitted out. 


seluton 7. Bombardment of aluminium by o-particle leads to its 


artificial disintegration in two ways, (1) and (II) as shown in 
Fig. 14.14. Products X, Y and Z, respectively, are, 


(C) On positron emission from nucleus, proton converts 
into neutron, therefore, atomic number decreases by 


one but atomic mass remains constant. (A) proton, neutron, positron 
9 ’ 7 


(B) neutron, positron, proton. 
(C) proton, positron, neutron. 
(D) positron, proton, neutron. 


(I) 


27 
err eY 


Na — jpNe + ,1¢(B") 

(IIT-JEE 2011) 

4. Statement 1: The plot of atomic number (y-axis) vs. num- 
ber of neutrons (x-axis) for stable nuclei shows a curva- 
ture towards x-axis from the line of 45° slope as the atomic 
number is increased. 


(!) 


Statement 2: Proton—proton electrostatic repulsions begin 
to overcome attractive forces involving protons and neu- a 
trons in heavier nuclides. (IIT-JEE 2008) sie & 4Si+Z 


(A) Statement 1 is True, Statement 2 is True; Statement 2 is 
a correct explanation for Assertion (statement 1). 

(B) Statement 1 is True, Statement 2 is True; Statement 2 Solution 
is NOT a correct explanation for Statement 1. 

(C) Statement 1 is True, Statement 2 is False. 

(D) Statement 1 is False, Statement 2 is True. 


Figure 14.14 


(A) In order to find X, Y, Z we need to equate atomic num- 
bers as well as mass numbers on both the sides. 


BAI + 3He > 2P + 5n(Y) 


(A) If the curve does not bend towards the x-axis then : 4 sacs: : a 
proton-proton repulsion would overcome the attrac- 451 + |H(X) Sly + 1€ (Z) 
tive forces of proton and neutron, therefore, the curve 
bends down (Fig. 14.13). 


Solution 


X is a proton jH,Y is a neutron j7,Z is a positron ,'e. 
8. The periodic table consists of 18 groups. An isotope of cop- 
per, on bombardment with protons, undergoes a nuclear 
reaction yielding element X as shown below. To which 
group, element X belongs in the periodic table? 


SCut+jH > 6int+a@+2iH+X (IIT-JEE 2012) 


Solution 


Number of neutrons (n) 


(8) Considering the reaction (replacing @ -particle by He) 


20 40 60 80 120 140 160 180 
Atomic number (Z) 


Figure 14.13 


Cut }H > 6\n+$He+ 2}H+X 
Equating mass numbers on both the sides, we get 


5. The total number of a and f particles emitted in the nuclear 63+1=1x6+4x1+1x24+X=64—12=52 
reaction °3;U >°,Pb is (IIT-JEE 2009) Equating atomic numbers on both the sides, we get 


Solution 294+1=6x04+24+2x1+Y=> Y =30-4=26 


(8) 6aand 2 particles are emitted which means a total of 
8 particles are emitted. 


So, the element is 3¢Fe and iron is a d-block element, 
belonging to Group 8 of the periodic table. 
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9. In the nuclear transmutation 


10. 


11. 


12. 


iBe+X— {Be+ Y 


(X, Y) is (are) 


(A) (41) (B)(P.D)  (C)(@,D) (D) (%P) 


(JEE Advanced 2013) 


Solution 
(A), (B) The reactions involved are 
iBe+y— $Be+ jn 
;Be+ }H > $Be+ 7H 


A closed vessel with rigid walls contains 1 mol of $*U and 
1 mol of air at 298 K. Considering complete decay of $°U 
to ;o° Pb, the ratio of the final pressure to the initial pressure 
of the system at 298 K is 

(JEE Advanced 2015) 


Solution 


(9) Let us consider that 


1 mol of air = X atm 

During the reaction of 5*U—>,o°Pb, 8a-particles are 
released, that is, 8 mol of He particles are released dur- 
ing the reaction. Therefore, 9 mol of gas are present in 
the vessel. 

Thus, total pressure = X x 9 = 9 atm that is, 9 times the 
original pressure. 


A photon of hard y-radiation knocks a proton out of ;Mg 
nucleus to form 
(A) the isotope of parent nucleus. 

B) the isobar of parent nucleus. 


( 
(C) the nuclide 7Na. 
(D) the isobar of 7/Na. 
(AIEEE 2005) 
Solution 
(C) Mg —{;Na+;H 
In the transformation of 735U to *;5U, if one emission is an 
a-particle, what should be the other emission(s)? 


fusion? 


. What do each of the following terms mean: (a) thermal 


neutron, (b) nuclear fission, (c) fissile isotope and (d) nuclear 
fusion? 


. Pick up the pairs of isotopes and isobars from the following: 


Ipy 14y7 16) 40 170) 198 py 40 14a 192 
1H, GN, °3O, 29Ca, (30, 7gPt, igAr, GC, 73Pt 


. What obstacles make constructing a reactor for controlled 


nuclear fusion especially difficult? 


. Why do fission and fusion reactions produce large quanti- 


httos://telegram.me/unactMeMy eremiltents net used in diagnostic work. Why? 


ties of energy? 


13. 


14. 
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(A) Two Bo 
(C) One B and one y 


(B) Two B and one B~ 
(D) one B and one B™ 
(AIEEE 2006) 


Solution 


(A) *3U’$U+ He + 2 $e. Change of 4 units in atomic 
mass is compensated by one «a-particle but there 
should be emission of two B -particles also to compen- 
sate atomic number. 


A radioactive element gets spilled over the floor of a room. 
Its half-life period is 30 days. If the initial activity is 10 
times the permissible value, after how many days will it be 
safe to enter the room? 


(A) 100 days (B) 1000 days 


(C) 300 days (D) 10 days 
(AIEEE 2007) 
Solution 
(A) We know that 
Activity (-) oc N 
dt 
reals) aaeld 
or 2 N, \2 
as (5) => 10=2" 
10 \2 


Taking log on both the sides, we get 
log = 10 =n log 2 
1 
= —— = 3.32 (as log 2 = 0.3010 
ie ) 


Therefore, t =n x t,,, = 3.32 x 30 = 99.6 days. 


Which of the following nuclear reactions will generate an 
isotope? 
(A) B-particle emission 
(B) Neutron particle emission 
(C) Positron emission 
(D) a-particle emission 
(AIEEE 2007) 
Solution 


(A) Isotopes have same atomic numbers but different 
mass numbers 
A A-1 i 
yx Xt on 


REVIEW QUESTIONS 


. Give the differences between nuclear fission and nuclear . Why would there be a subcritical mass of a fissile isotope? 


(Why isn’t any mass of uranium-235 critical?) 


7. *3Th > $He+ 6 e+ X. Find out atomic number and mass 


number of the element X. Also identify the element. 


8. Why is it easier for a nucleus to capture a neutron than a 


proton? 


. Complete and balance the following reactions. 


(a) “3U+jn>__+'3Te+ oZr 


(b) “Se>2Se+__ 


11. 


42. 


13. 


14. 


15. 


16. 
17, 


18. 


19. 


What specific property of nuclear radiation is used by the 
Geiger counter? 


What does electron capture do to the neutron-to-proton 
ratio in a nucleus, increase it, decrease it, or leave it alone? 
Which kinds of radionuclides are more likely to undergo this 
change, those above or those below the band of stability? 


Which of the following pairs has longer half-life and 
why: (a) Barium-123 and barium-140, (b) tin-112 and 
indium-112, (c) Lanthanum-139 and lanthanum-140? 


Why should a radionuclide used in diagnostic work have 
a short half-life? If the half-life is too short, what problem 
arises? 


Although lead-164 has two magic numbers, 82 protons and 
82 neutrons, this isotope is unknown. Lead-208, however, 
is known and stable. What problem accounts for the non- 
existence of lead-164? 

How does electron capture generate X-rays? 

Give the composition of each of the following. 

(a) a@-particle (b) B-particle 

(c) positron (d) deuteron 

Why isn’t the sum of the masses of all nucleons in one 
nucleus equal to the mass of the actual nucleus? 


Why is the penetrating ability of a-radiation less than that 
of B- or y-radiation? 


20. 


21. 


22. 


23. 


24. 


25. 
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Numerical Problems 


Suppose that an atom of argon-37 could decay by either 
B-emission or electron capture. Which route would it likely 
take, and why? Write the nuclear equation. 


Define the terms isotopes, isobars and isotones. Give 
examples of pairs of nuclides that would be described by 
each of these terms. 


Explain why "Ne, “Ne and "Ne decay by positron emission 
but “Ne and “Ne decay by electron emission. 


Which of the following reactions interconvert isotopes? 
Which interconvert isobars? Which interconvert isotones? 
(a) electron emission 

(b) electron capture 

(c) positron emission 

(d) emission 

(e) neutron emission 

(f) neutron absorption 

(g) aemission followed by two B decays 

In theory, f -decay could include reactions in which a posi- 
tron is captured and the charge on the nucleus increases. 
Explain why the following positron capture reaction does 
not occur under “normal” conditions. 


14 0 14 
6C+4e> 7N+hv 


Calculate the number of electrons, protons and neutrons in 
both a “K* and an I ion. 


NUMERICAL PROBLEMS 


. The amount of “C isotopes in a piece of wood is found 


to be one-sixth of its amount present in a fresh piece 
of wood. Calculate the age of wood. Half-life of “C is 
5577 years. 


. The observed mass of 3?Fe is 55.9375 amu. Using the 


masses of proton and neutron as 1.00732 amu and 1.00866 
amu, respectively, calculate the binding energy per nucleon 
in MeV and in J. 


. The binding energy per nucleon for ’C is 768 MeV and 


that for °C is 747 MeV. Calculate the energy required to 
remove a neutron from “°C. 


. The observed mass of ';O atom is 15.99491 amu. Calculate 


the average binding energy in MeV per nuclear particle 
in this isotope. 


. The activity of the “C in living tissue is 15.3 disintegrations 


per minute per gram of carbon. The limit for reliable deter- 
mination of “C ages is 0.10 disintegration per minute per 
gram of carbon. Calculate the maximum age of a sample 
that can be dated accurately by radiocarbon dating if the 
half-life for the decay of “C is 5730 years. 


. Measurements on the linen wrappings from the scrolls sug- 


gest that the scrolls contain about 79.5% of the “C expected 
in living tissue. How old are these scrolls? (““C: t,,, = 5730 yr) 


. Calculate the number of disintegrations per minute in a L.O0mg 


sample of **U, assuming that the half-life is 4.47 x 10” years. 


. Calculate the half-life for the decay of *Clifa 1.000 g sample 


decays to 0.125 g in 165 min. 


9. 


10. 


11. 


12. 


13. 


14. 


16. 


Calculate the number of neutrons in the atom produced 
after the emission of an a@-particle in 7;;X atom. 


The half-life of a radioactive isotope is 472 s. Calculate N/N, 
left after one hour. 


Calculate the energy in kilojoules per mole for an X-ray 
that has a frequency of 3 x 10” s'. How do the results 
of this calculation compare with the energy required to 
remove an electron from water? 


3.125 x 10° y-atoms of radon exists in equilibrium with 1 g 
of radium at 0°C and 1 atm pressure. The disintegration 
constant of Ra is 1.48 x 10's’. Calculate the disintegra- 
tion constant of radon. 


Radium-226 undergoes a-ray change, its half-life is 1620 
years. What is the activity (rate of disintegration) of 0.001 g 
of the sample? 


Suppose that a radiologist who is 2.0 m from a small, 
unshielded source of radiation receives 2.8 units of radia- 
tion. To reduce the exposure to 0.28 units of radiation, 
to what distance from the source should the radiologist 
move? 

198 


. One gram of °5,Au (¢,,, = 65 h) decays by B-emission to pro- 


duce stable mercury. 
(a) Write the nuclear reaction for the process. 
(b) How much mercury will be present after 260 h? 


“C is believed to be formed in the upper atmosphere 
by an (n, p) process on “N. What is Am for this reaction? 


https://telegram.me/unacademyplusdiscounts 


Chapter 14 | Nuclear Chemistry 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27; 


(“N = 14.00307 amu, “C = 14.00324 amu, 'H = 1.00783 amu 
and 'n = 1.008665 amu) 


Natural magnesium consists of “Mg, ~Mg and *Mg. 
Calculate the average atomic weight of natural magne- 
sium, if the content of the individual isotopes in atomic % 
is 78.6, 10.1 and 11.3, respectively. 


A freshly cut piece of wood gives 16100 counts of B-ray 
emission per minute per kg and an old wooden bowl 
gives 13200 counts per minute per kg. Calculate the age 
of the wooden bowl. The half-life period of “C is 5568 
years. 


Uranium (733Fe) decays with emission of a@- and B- 


particles to form ultimately lead *’Pb. How many a@- and 
B-particles are emitted per atom of lead produced? 


A carbon sample from the frame of a picture gives 7 counts 
of “C per minute per gram of carbon. If freshly cut wood 
gives 15.3 counts of “C per minute, calculate the age of the 
frame (t,,. =5570 years). 


Calculate the activity in curies for 1.00 mg samples of the 
following isotopes of uranium. 

(a) “U,t,.=9.3 min, (b) *°U, t= 20.8 days 

(c) *°U, t= 2.39 x 10’ years 

The half-life time for decomposition of Ra is 1590 years. 
Calculate the rate constant in s. In how many years will 


three quarters of a given amount of Ra disappear? 


Th disintegrates to “(8Pb as the final product. How many 


a- and f-particles are emitted during this process? 


The half-life of “C is 5730 years. 

(a) What fraction of the original “C would a sample of 
CaCO, have after 11460 years? 

(b) What fraction of the original '“C would still remain 
after 13000 years? 


One gram of a radioactive isotope of sodium decays to 0.25 g 
in one day and six hours. How much time will it take for the 
radioactivity to fall to 1/10th of its original value? 


Calculate the binding energy of °Li in MeV per atom if the 
exact mass of this nuclide is 6.01512 amu. Calculate the 
binding energy per nucleon. 


A neutron breaks into a proton and an electron. Calculate 
the energy produced in this reaction in MeV. Mass of elec- 
tron, proton and neutron are 9 x 10' kg, 1.6725 x 10°” kg 
and 1.6747 x 10°” kg, respectively. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


Telegram @unacademyplusdiscounts 


Uranium-238 (atomic number 92) during a series of dis- 
integration loses 8a- and 6f-particles. What will be the 
atomic mass and atomic number of the new product? 


Calculate the amount of mass in nanograms that is changed 
into energy when one mole of liquid water forms by the 
combustion of hydrogen, all measurements being made at 
1 atm and 25 °C. What percentage is this of the total mass 
of the reactants? 


The half-life of {Cl for B-emission is 375 min. Given 1.00 g 
sample at time zero, how long will it be before the sample 
is reduced to 0.25 g? 


A sample of technetium-99m with a mass of 9.00 ng will 
have decayed to how much of this radionuclide after 4 half- 
life periods (about 1 day)? 


Calculate the binding energy in joules per nucleon of the 
deuterium nucleus, whose mass is 2.0135 u. 


During work with a radioactive source, a worker was told 
that he would receive 50 mrem at a distance of 4.0 m dur- 
ing 30 min of work. What would be the received dose if the 
worker moved closer, to 0.50 m, for the same period? 


Smoke detectors contain a small amount of americium-241, 
which has a half-life of 1.70 x 10° days. If the detector con- 
tains 0.20 mg of *'Am, what is the activity, in becquerels? 
In microcuries? 


'O decays by positron emission with a half-life of 124 s. 

(a) Give the proper symbol of the product of the decay. 

(b) How much of a 750 mg sample of °O remains after 
5.0 min of decay 


Todine-131 is used to treat a disease of the thyroid gland. 
The amount of "I used depends on the size of the gland. If 
the dose is 86 microcuries per gram of thyroid gland, how 
many grams of ‘I should be administered to a patient 
with a thyroid gland weighing 20 g? Assume all the iodine 
administered accumulates in the thyroid gland. 


*s1Pu is an o-emitter with a half-life of 24,400 years. Given 


1 g sample of this plutonium, how many a@-particles will it 
emit per second? 


Consider “*Ra—> “Rn —* »”°Po where t,, (Ra) = 
3.64 years, t,, (Rn) =55 s. Determine the Nz,/Nz, ratio once 
secular equilibrium in which ¢,,, (parent) >> ¢,,, (daughter) 
or A (parent) < A (daughter) has been established. 


ADDITIONAL OBJECTIVE QUESTIONS 


Single Correct Choice Type 


1. 


The radioactivity due to “C-isotope (¢,, = 6000 years) of 
a sample of wood from an ancient tomb was found to be 
nearly half that of fresh wood. The tomb is, therefore, about 
(A) 3000 years old. (B) 6000 years old. 

(C) 9000 years old. (D) 12000 years old. 


. The nucleus resulting from 7j$U after successive emission 


of two a- and four B-particles is 


3. 


(A) “Th (B) *yPu 

(C) “Ra (D) *2U 

If 8.0 g of radioactive isotope has a half-life of 10 h, the 
half-life of 2.0 g of the same substance is 

(A) 2.5h (B) Sh 

(C) 10h (D) 40h 
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10. 


11. 


12. 


13. 


14. 


15. 


. The number of a@- and f-particles emitted in the nuclear 


reaction *,,Th — 7;,Bi are: 
(A) 4a and 18 
(C) 8aand 1B 


(B) 3aand 7B 
(D) 4a and 7B 


. When the difference between mass number and atomic 


number of atoms of two or more elements are same. The 
atoms are known as 
(A) isotopes. 
(C) isotones. 


(B) isobars. 
(D) nuclear isomers. 


. The nuclei, which are not identical but have the same num- 


ber of nucleons, represent 
(A) isotopes. 
(C) isotones. 


(B) isobars. 
(D) none of these. 


. Which isotope of carbon is most likely to decay by positron 


emission? 
(A) ie) (B) RC 
(©) "C (D) “C 


. A nuclide of an alkaline earth metal undergoes radioac- 


tive decay by emission of the o -particles in succession. The 
group of the periodic table to which the resulting daughter 
element would belong to is 
(A) Group 4. 

(C) Group 14. 


(B) Group 6. 
(D) Group 16. 


. The radioisotope tritium (}H) has a half-life of 12.3 years. If 


the initial amount of tritium is 32 mg, how many milligrams 
of it would remain after 49.2 years? 

(A) 2 mg (B) 4mg 

(C) 8mg (D) 1 mg 


The half-life period of a radioactive element is 140 days. 
After 560 days, one gram of the element will reduce to 
(A) 0.5 g (B) 0.25 g 

(C) 0.125 g (D) 0.0625 g 


B -particle is emitted in radioactivity 
(A) by conversion of proton to neutron. 
(B) from outermost orbit. 

(C) by conversion of neutron to proton. 
(D) B-particle is not emitted. 


The number of neutrons accompanying the formation 
of Xe and 3,Sr from the absorption of a slow neutron by 
*»U followed by nuclear fission is 

(A) 0 (B) 2 

(C) 1 (D) 3 


"'N changes to ‘.C by emission of 
(A) electron. (B) neutron. 
(C) positron. (D) proton. 


Loss of a B -particle is equivalent to 
(A) increase of one proton only. 
(B) decrease of one neutron only. 
(C) both A and B. 

(D) none of these. 


The triad of nuclei that is isotonic is 
(A) NC, SN, SF (B) 2C, “NSF 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 
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Additional Objective Questions 
(C) “eC, ‘IN, ‘SF (D) %C, '7N, oF 
Which of the following nuclides are most likely to be 
neutron-poor? 
(A) *H 
(C) My 


(B) ne 
(D) 40K 


An element of atomic weight Z consists of two isotopes of 
mass number Z — 1 and Z + 2. Percentage of abundance of 
the heavier isotope is 
(A) 25% 

(C) 66.66% 


(B) 33.33% 
(D) 75% 


A radioactive sample has a half-life of 1500 years. A sealed 
tube containing 1 g of the sample will contain after 3000 
years 

(A) 1 g of the sample 
(C) 0.25 g of the sample 


(B) 0.5 g of the sample 
(D) 0.00 g of the sample 


If?;3U is assumed to decay only by emitting a- and f-particles. 
The possible product of decay is 


(A) “Ac (B) “Ac 
(C) “Ac (D) 7%Ac 


The number of neutrons in the parent nucleus which give 
"N on B-emission is 

(A) 6 (B) 7 

(C) 8 (D) 14 

After the emission of an @ -particle from the atom 733X, the 
number of neutrons in the atom will be 

(A) 138 (B) 140 

(C) 144 (D) 150 

Gamma rays are 


(A) high energy electrons. 

(B) low energy electrons. 

(C) high energy electromagnetic waves. 
(D) high energy positrons. 


7A] is a stable isotope. Al is expected to disintegrate by 
(B) B-emission. 
(D) proton emission. 


(A) a-emission. 
(C) positron emission. 


Loss of a@-particle is equivalent to 

(A) loss of two neutrons only. 

(B) loss of two protons only. 

(C) loss of two neutrons and loss of two protons. 
(D) none of these. 


If half-life of a substance is 5 years, then the total amount of 
substance left after 15 years when initial amount is 64 g is 
(A) 16g (B) 2g 

(C) 32g (D) 8g 


If m, is the initial mass of the nuclei, the mass of undecayed 
radioactive isotope at the end of the nth half-life is 

(A) 2"m, (B) 2“m, 

(C) n?m, (D) n’m, 


*,»Uemits 8a-particles and 6B-particles. The n/p ratio in 
the product nucleus is 
(A) 60/41 
(C) 62/41 


(B) 61/40 
(D) 61/42 
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28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


Number of a-particles emitted per second by a radioactive 
element falls to 1/16 of its original value in 48 days. The 
half-life of the emitter is 

(A) 48 days (B) 16 days 

(C) 12 days (D) 8 days 

Radioactive disintegration differs from a chemical change 
in 

(A) an exothermic change. 

(B) aspontaneous process. 

(C) a nuclear process. 

(D) a unimolecular first order reaction. 


Which of the following does not characterize X-rays? 
(A) The radiation can ionize gases. 

(B) It causes ZnS to fluoresce. 

(C) Deflected by electric and magnetic fields. 

(D) It has wavelengths shorter than ultraviolet rays. 


Neutrons can disintegrate to give 
(A) a proton and an electron. 
(B) a positron and an electron. 
(C) a proton and a positron. 

(D) a proton and y-radiations. 


In a certain radioactive decay, an electron is emitted. It 
comes out from 

(A) outermost orbit of the atom. 

(B) inner shells of the atom. 

(C) nucleus of the atom. 

(D) none of these. 


Which of the following nuclei is unstable? 

(A) ‘3B (B) “(Be 

(C) ‘jN (D) ';0 

When passing through a magnetic field, the greatest deflec- 
tion is experienced by 
(A) a@-rays. 

(C) y-rays. 

The radiations from a naturally occurring radioactive 
substance, as seen after deflection by a magnetic field are 
(A) definitely o-rays. (B) definitely B-rays. 

(C) both @- and B-rays. (D) either a- or B-rays. 

If 3/4 quantity of a radioactive element disintegrates in 2 h, 
its half-life would be 

(A) 1h. (B) 45 min. 

(C) 30 min. (D) 15 min. 


In the reaction'H +7H > $He+!n if the binding energies 


of ;H, {H and ‘He are a, b and c (MeV), respectively, then 
energy in MeV released in this reaction is 

(A) a+b+e (B) a+b-c 

(C) c+ta-—b (D) c-a-b 

The uranium (mass number 238 and atomic number 92) 
emits an a@-particle, the product has the mass number and 
atomic number 

(A) 236 and 92 (B) 234 and 90 

(C) 238 and 90 (D) 236 and 90 


The end product formed by the disintegration of *°Rais 
(A) *nTl (B) “Pb 


(B) B-rays. 
(D) allshow equal deflection. 


om 
fe 
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(C) “Ra (D) *3Bi 

40. In the following reaction $Li+? >$He+/H, the missing 
particle is 
(A) electron. 
(C) proton. 


(B) neutron. 

(D) deuteron. 

41. Nuclides having the same atomic numbers are known as 
(A) isomers. (B) isotopes. 
(C) isotones. (D) isobars. 


42. The largest stable nuclei is 
(A) 2381 (B) 2351 
(C) 206Ph (D) 209Ri 
43. Which one of the following particles is used to bombard 


Al to give {P and a neutron? 
(A) Proton (B) Neutron 
(C) a-particle (D) Deuteron 


Multiple Correct Choice Type 


1. The correct starting material and end product of different 
disintegration series are: 
(A) cas 208Ph (B) UJ. 206Ph 
(C) "Np, 20Ri (D) ais OF 207Pb 

2. Which of the following nuclides are most likely to be 
neutron-rich? 


(A) “C (B) “Na 
(C) *Si (D) 7Al 
3. Which of the following are isotopes? 
(A) 20p + 151 (B) 20p +17n 
(C) 20p + 20n (D) 18p +22n 


4. Which of the following statement(s) about radioactivity is 
(are) correct? 
(A) It is a nuclear property. 
(B) It does not involve any rearrangement of electrons. 
(C) Itis not affected by the presence of other elements. 
(D) Its rate is affected by change in temperature and/or 
pressure. 


5. Pick up the correct statement(s). 
(A) Deuterons are poor bombarding particles than 
neutrons. 
(B) Hydrogen bomb involves only nuclear fusion. 
(C) *°Pu is obtained from **U in breeder reactor. 
(D) Induced radioactivity and artificial radioactivity are 
different. 


6. A radioactive element X has an atomic number of 100. If 
decays directly into an element Y which decays directly 
into an element Z. In both processes, a charged particle is 
emitted. Which of the following statement(s) would be 
true? 

(A) Y has an atomic number of 101. 
(B) Y has an atomic number of 102. 
(C) Z has an atomic number of 99. 

(D) Z has an atomic number of 100. 


7. Decrease in atomic number is observed during 
(A) a-emission. (B) B-emission. 
(C) positron emission. (D) electron capture. 
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10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


. Which of the following statement is/are false? 


(A) The most radioactive element present in pitchblende 
is uranium. 

(B) Emission of y-rays changes the mass number but no 
atomic number. 

(C) *P is used for the treatment of leukemia. 

(D) CO, present in air contains °C only. 


. Which isotope of carbon is most likely to decay by electron 


emission? 
(A) a @ (B) oO 
(C) "C (D) “C 


Many elements have non-integral atomic masses because: 

(A) they have isotopes. 

(B) their isotopes have non-integral masses. 

(C) their isotopes have different masses. 

(D) the constituents, neutrons, protons and electrons com- 
bine to give fractional masses. 


In the reaction*;;U >*jTh+ He, the shortage of two 
electrons in thorium is due to 

(A) conversion of electron to positron. 

(B) combination with positron to evolve energy. 

(C) annihilation. 

(D) absorption in the nucleus. 

Which of the following are isobars? 

(A) 20p + 17n (B) 18p + 22n 

(C) 20p + 20n (D) 20p + 15n 


Nuclear reactions accompanied with emission of neutron(s) 
are 


(A) 
(B) 


ZAI + $He — 72P 

“C2 jH+5N 

(C) sP > ySi+ 4e 

(D) %Am+‘4He > “Bk + °e 

Which of the following is (are) false? 

(A) Loss of B-particle produces an isobar. 

(B) Loss of one a two B-particles produces an isotope. 
(C) Loss of mass takes place only during nuclear fusion or 


fission. 
(D) Uranium is a transuranic element. 


A radioactive element is present in Group 8 of the peri- 
odic table. If it emits one a-particle, the new position of the 
nuclide will be 

(A) Group 6 (B) Group 12 

(C) Group 8 (D) Group 11 


Which of the following does do not consist of particles of 
matter? 


(A) a@-rays (B) B-rays 
(C) y-rays (D) X-rays 
Isotone(s) of Ge is (are) 

(A) 2Ge (B) yAs 
(C) ySe (D) 3Se 


The moderator used in atomic pile is 
(A) heavy water. (B) cadmium. 
(C) uranium. (D) graphite. 
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Additional Objective Questions 


Assertion-Reasoning Type 
Choose the correct option from the following: 
(A) Statement 1 is True, Statement 2 is True; Statement 2 is 
the correct explanation for Statement 1. 


(B) Statement 1 is True, Statement 2 is True; Statement 2 is 
NOT the correct explanation for Statement 1. 


(C) Statement 1 is True, Statement 2 is False. 
(D) Statement 1 is False, Statement 2 is True. 
1. Statement 1: Nuclide {SAI is less than 3,Ca. 
Statement 2: Nuclides having odd number of protons and 
neutrons are generally stable. 


2. Statement 1: Ina given electric field, B-particles are deflected 
more than @-particles having larger charge. 


Statement 2: B-particles have smaller mass than a@-particles. 
3. Statement 1: “C undergoes B-decay. 


Statement 2: It has more number of neutrons than those 
required for stability. 


4. Statement 1: *°U undergoes a-decay. 


Statement 2: a-decay is observed in all radioactive isotopes 
with Z > 82. 


Comprehension Type 


Read the paragraphs and answer the questions that follow. 


Paragraph I 

Natural radioactivity process continues till stable nuclei are 
formed. All the nuclei starting from the initial form to the 
final stable form constitute a series called disintegration 
series, in which only a@-particles and B-particles are elimi- 
nated. There are four disintegration series called 4n, 4n+1, 
4n+2 and 4n+3 series. The final product of each series has 
stable nuclei. 


1. The mass of two consecutive members of a series have a 
difference of how many units? 


(A) 1 (B) 2 
(GC) 3 (D) 4 
2. *3U > SPb involves loss of 
(A) 8a and 68 particles. 
(C) 8a@and 108 particles. 
3. Ac Pb involves loss of 
(A) 10 electrons. (B) 8 electrons. 
(C) 7 electrons. (D) 4 electrons. 
4. The end product of the artificial series is 
(A) “pPb (B) “Pb 
(C) *sBi (D) *:Pb 
5. Radium-226 belongs to which disintegration series? 
(A) 4n (B) 4n+1 
(C) 4n+2 (D) 4n+3 


(B) 8aand 5B particles. 
(D) 8aand 88 particles. 
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Paragraph IT 

Uranium dating technique can be used to predict the age of the 
earth. The principle behind this technique is that **U undergoes 
radioactive decay to form stable *’Pb. The age of the earth can 
be determined by measuring the ratio of “Pb to **U. 


Number of atoms of Pb” formed _ oul 
Number of atoms of U” left 


Similarly, **U decays to *’Pb, and *’Th decays to **Pb. The radi- 
oactive isotope of carbon, “C, produced by the bombardment of 
nitrogen atoms by neutrons is also used for determining the age 
of earth by knowing the ratio of “C/”C. 


6. Which of the following ratio cannot be used for determin- 
ing the age of a rock? 
(A) OPH /?eU 
(C) 208Ph/??>U 


(B) 06 PH /?>U 
(D) 207 Pb /?>U 


7. The “C atoms are oxidized to carbon dioxide which is reduced 
to carbohydrate in presence of chlorophyll according to the 
following general reaction. 


6CO,+6H,O be 
Chlorophyll 


Carbohydrate + O, 


The oxygen released is coming from 
(A) “CO, (B) H,O 
(C) both A and B (D) ’CO, 


8. The carbohydrate formed due to reaction involved in the 
above question has 
(A) °C. (B) "C. 

(C) both A and B. (D) VC. 

9. A sample of **U (half-life = 4.5 x 10° years) ore is found 
to contain 23.8 g of **U and 20.6 g **Pb. The age of the ore 
will be 
(A) 4.5 x 108 years. (B) 4.49 x 10° years. 

(C) 4.4 x 10’ years. (D) 78 x 108 years. 


10. An ore of *$U is found to contain *U and *$Pb in the 
weight ratio of 1:0.1. If the half-life period of *5U is 4.5 x 10” 
years, what should be the age of the ore? 

(A) 7097 x 108 years. (B) 709 x 10° years. 
(C) 4.5 x 10° years. (D) 4.7 x 10’ years. 


Paragraph Il 

When a radioactive element is disintegrated, a- and f-particles 
are evolved from the nucleus. When an @-particle is evolved, the 
resulting element has an atomic weight less by four units and 
atomic number less by two units; while in a B-particle evolution, 
the resulting element has same atomic weight but its atomic 
number is increased by one. 


11. Which of the following combinations of emissions give 
finally an isotope of the parent element? 


(A) a, a, B (B) @, BB 

(C) a&%a (D) B xo 
12. o-Decay results in 

(A) isotope. (B) isobar. 


(C) isodiaphere. (D) isotone. 

13. How many aand f particles should be emitted from a radi- 
oactive nuclide so that an isobar is formed? 
(A) la, 1B (B) 2a,2B 
(C) la, 2p 
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14. A radioactive element belongs to Group 3, it emits one 
a- and one f-particle to form a daughter nuclide. The position 
of daughter nuclide will be in 
(A) Group 2. 

(C) Group 12. 


(B) Group 1. 
(D) Group 4. 


Integer Answer Type 
The answer is a non-negative integer. 
1. The element “M undergoes one Q-emission and 
successive 6 emissions to form 2M, 


2. The number of neutrons in the parent nucleus which gives 
''N on B-emission is 

3. The number of f-particles emitted in the reaction 
Pu — “Pb +a + B +47 is 

4. Radioactive isotope A undergoes simultaneous decay into 
two different nuclei as 


> P (to = 9h) 


Q (to = 4.5 h) 


Assume that initially neither P nor Q were present, and 
calculate the time after which the amount of Q doubles 
that of A. 


Matrix—Match Type 


1. Match the nuclei with their correct designation. 


Column | Column II 

(A) Isotopes (p) Ca and {Kr 
(B) Isotones (q) $0 and YO 
(C) Isobars (r) {Hand }He 
(D) Isosteres (s) 8K and 3F 
(E) Isodiaphers (t) CO, andN,O 


2. Match the process with the application. 


Column | Column II 
(A) Carbon dating (p) Atom bomb 
(B) °Co (q) Hydrogen bomb 


(C) Nuclear fission 
(D) Nuclear fusion 


(r) Animals and plants 
(s) Radio therapy 


3. Match the nuclei/reaction with the process involved. 


Column | Column Il 

(A) 72U (p) a-decay 

(B) {{Na+ (n> 5Mg+ je (q) B-decay 

(C) 3B (r) Positron emission 


(D) 78Ra (s) Artificial radioactivity 


(t) Electron capture 
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Answers 


Review Questions 


3. 80, {O and ‘Pt, '2Pt are the isotope pairs; ‘SN, <C and {Ca, igAr are isobar pairs. 
7. The element is Pb with mass number 206 and atomic number 82. 

8. This is because the neutron is neutral. 

9. (a) 7hn (b) Kr 

. This is because they cannot penetrate tissues. 

. Increase; below 

. (a) “Ba (b) '?Tin (c) ‘La 

. Electron capture is the more likely event: }, Ar+ fe 7Cl 


. Gain or loss of neutrons interconverts isotopes, responses (e) and (f), and (g). Gain or loss of $ -particles interconverts isobars, 
responses (a), (b), and (c). None of these interconvert isotones. 


25. “K*: 18 electrons, 19 protons and 21 neutrons; I’: 54 electrons, 53 protons and 74 neutrons 


Numerical Problems 


1. 14422 years 2. 8.526 MeV; 1.36 x 10° J 3. 4.95 MeV 

4. 799 MeV 5. 4.2 x 10° years 6. 1.90 x 10° years 

7. 746 8. 55.0 min 9. 144 

10. 1.129 x 10 11. 1x 10° kJ (mol photons)* 12. 4.65 x 10% 

13. 2.16 x 10’ atoms min‘ 14. 63m 15. (a) “SAu—8 5 "Hp: (b) 0.9375 g 
16. 0.62 MeV 17. 24.33 18. 159798 years 
19. 7.4 20. 6288 years old 21. (a) 8.9 x 10° Ci; (b) 273 Ci; 

(c) 6.34x 10% Ci 

22. 1.38 x 10's‘; 3181 years 23. 7.6 24. (a) 0.25; (b) 0.21 
25. 49.85h 26. 32.03 MeV atom™';5.338 MeV nucleon” 27. 0.731 MeV 
28. 206, 82 29. —3.18 ng; 1.77 x 10°% 30. 75 min 
31. 5.62 x 10° g remaining 32. 18x10 J per nucleon 33. 3.21m 
34. 2.4.x 10’ Bq or 6.5 x 10°UCi 35. (a) "N; (b) 140 mg 36. 139x 10% ¢ 
37. 2.27x 10° 38. 2087109.82 
Additional Objective Questions 
Single Correct Choice Type 

1. (B) 2. (D) 3. (D) 4. (A) 5. (C) 
6. (B) 7. (A) 8. (C) 9. (A) 10. (D) 
11. (C) 12. (D) 13. (C) 14. (C) 15. (A) 
16. (B) 17. (B) 18. (C) 19. (D) 20. (C) 
21. (C) 22. (C) 23. (B) 24. (C) 25. (D) 
26. (D) 27. (C) 28. (C) 29. (C) 30. (C) 
31. (A) 32. (C) 33. (B) 34. (B) 35. (D) 
36. (A) 37. (D) 38. (D) 39. (B) 40. (B) 
41. (B) 42. (C) 43. (C) 
Multiple Correct Choice Type 

1. (A.C) 2. (A,B) 3. (A,B,C) 4. (A,B,C) 5. (A,C) 
6. (A,C) 7. (A,C,D) 8. (A,B) 9. (C.D) 10. (A,C) 
11. (B,C) 12. (B,C) 13. (A,D) 14. (CD) 15. (A,C) 
16. (C.D) 17. (B,D) 18. (B,D) 
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Assertion—Reasoning Type 


1. (B) 2. (A) 3. (A) 4. (A) 
Comprehension Type 

4. (D) 2. (A) 3. (D) 4. (C) 5. (C) 
6. (B) 7. (B) 8. (B) 9. (B) 10. (A) 
11. (B) 12. (C) 13. (D) 14. (A) 

Integer Answer Type 

1. (2) 2. (8) 3. (4) 4. (5) 


Matrix—Match Type 
1. A (q);B > (1);C > (p), D > (t); E > (s) 2. A (r);B > (s);C > (p), D > (q) 
3. A (p,q);B > (s);C > (r,t), D > (p,q) 
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Chapter-wise 


Tests 


INSTRUCTIONS 


This question paper consists of five types of questions (Single Correct Choice, Multiple Correct Choice, 
Assertion-Reasoning, Comprehension and Matrix-Match). The marking scheme is 


1. 
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APPENDIX 


For Single Correct Choice Type: Three (3) marks for positive response and —1 mark for negative 


response. 


For Multiple Correct Choice Type: Four (4) marks for positive response and —1 mark for negative 


response. 


For Assertion-Reasoning Type: Four (4) marks for positive response and —-1 mark for negative 


response. 


For Matrix Match Type: Eight (8) marks for positive response and no negative marking for negative 


response. 


For Comprehension Type: Four (4) marks for positive response and —1 mark for negative response. 


MOLE CONCEPT-I 
Single Correct Choice Type 


1. 


510 mg of liquid on vaporization in Victor 
Meyer’s apparatus displaces 672 cm® of air at 
(STP). The molecular weight of the liquid is 
(A) 130 (B) 17 

(C) 170 (D) 1700 

1.84 g mixture of CaCO, and MgCO, on 
heating gives CO,. Volume of CO, obtained is 
measured to be 448 mL at STP. Mass of CaCO, 
in the mixture is 
(A) 0.5 g 

(C) 0.92 g 


(B) 0.84 g 
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Phosphine (PH,) decomposes to produce P, (g) 
and H, (g). What would be the change in vol- 
ume when 100 mL of PH,(g) is completely 
decomposed? 


(A) 50 mL 
(C) 75 mL 


(B) 500 mL 
(D) 250 mL 
The density of 2.45M methanol solution in 


water is 0.9766 gmL”. The molality of the 
solution is 


(A) 273 (B) 2.73 


(D) 0.273 
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Bs 


10. 


11. 


Density of 3M Na,CO, solution in water is 
1.2 g mL"'. The percentage by weight and ppm 
of Na,CO, are respectively, 


(A) 26.5 and 2.65 x 10° 
(B) 2.65 and 2.65 x 10° 
(C) 265 and 2.65 x 10° 
(D) 5.23 and 2.65 x 10° 


100 mL of CH, and C,H, were exploded with 
excess of O,. After explosion and cooling, 
the mixture was treated with KOH, where a 
reduction of 165 mL was observed. Therefore 
the composition of the mixture is 


(A) CH,=35 mL; C,H, =65 mL 
(B) CH,=65 mL; C,H, =35 mL 
(C) CH,=75 mL; C,H, = 25 mL 
(D) CH,=25 mL; C,H, =75 mL 


. A mixture of CO and CO, having a volume 


of 20 mL is mixed with x mL of oxygen and 
electrically sparked. The volume after explo- 
sion is (16 + x) mL under the same conditions. 
What would be the residual volume if 30 mL 
of the original mixture is treated with aqueous 
NaOH? 


(A) 12 mL 
(C) 9mL 


(B) 10 mL 
(D) 8mL 


. The mass of oxygen that would be required to 


produce enough CO, which completely reduces 
1.6 kg Fe,O, (at. mass of Fe = 56) is 


(Fe,O, + 3CO > 2Fe + 3CO,) 
(A) 240g (B) 480 g 
(C) 720g (D) 960 g 


. Calculate the weight of lime (CaO) obtained 


by heating 200 kg of 95% pure limestone 
(CaCO,). 


(A) 104.4 kg (B) 105.4 kg 

(C) 212.8kg (D) 106.4 kg 

The mole fraction of a given sample of I, in 
C,H, is 0.2. The molality of I, in C,H, is 

(A) 0.32 (B) 3.2 

(C) 0.032 (D) 0.48 
Haemoglobin contains 0.33% of iron by weight. 


The molecular weight of haemoglobin is 
approximately 67200. The number of iron atoms 
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(at. mass of Fe = 56) present in one molecule of 
haemoglobin are 


(A) 1 
(C) 4 


(B) 2 
(D) 6 


Multiple Correct Choice Type 


12. 


13. 


14. 


15. 


16. 


11.2 g of mixture of MCI (volatile) and NaCl 
gave 28.7 g of white precipitate with excess of 
AgNO, solution. 11.2 g of the same mixture on 
heating gave a gas that on passing into AgNO, 
solution gave 14.35 g of white precipitate Hence 


(A) 
(B) 


ionic mass of M’ is 18. 


mixture has equal mole fraction of MCI 
and NaCl. 

(C) MCland NaCl are in 1:2 molar ratio. 
(D) 


Which of the following compounds has the 
same percentage of carbon as in ethane? 


(A) 2-Butene 

(B) Cyclohexane 

(C) Cyclohexene 

(D) 2-Methyl but-2-ene 


ionic mass of M” is 10. 


10 g of a sample of silver which is contami- 
nated with silver sulphide produced 11.2 mL 
of hydrogen sulphide at STP by treatment with 
excess of hydrochloric acid. The mass of silver 
sulphide in the sample is (at. mass of Ag = 108; 
S = 32) 


(A) 1248 
(C) 5x10%* mol 


(B) 124 mg 
(D) 62 g 


2.0 g of a triatomic gaseous element was found 
to occupy a volume of 448 mL at 76 cm of Hg 
and 273 K. The mass of its atom is 


(A) 33.3 amu (B) 5.53x 10 g 
(C) 33.3 g (D) 5.53 amu 


2.4 g of pure Mg (at. mass 24) is dropped in 
100 mL of 1N HCl. Which of the following 
statements are correct? 


(A) 1.122 L of hydrogen is produced at STP. 
(B) 0.01 mol of magnesium is left behind. 
(C) 0.1 mol of Mg’ ions are formed in solution. 


(D) HClis the limiting reagent. 
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Assertion-Reasoning Type 
Choose the correct option from the following: 


(A) Statement 1 and Statement 2 are True, 
Statement 2 is the correct explanation of 
the Statement 1. 


(B) Statement 1 and Statement 2 are True, 
Statement 2 is NOT a correct explanation 
of the Statement 1. 


(C) Statement 1 is True, Statement 2 is False. 
(D) Statement 1 is False, Statement 2 is True. 


17. Statement 1: Molality (m) of a solution 
is related with molarity (M) of solution 


Lf, | 
M d\m_ 1000 


Here, d = density of solution in g mL" 


M, = molar mass of solute. 


Statement 2: Molality of a solution is equal to 
number of moles of solute dissolved in 1 kg of 
solution. 


18. Statement 1: Vapor density of sulphur vapor 
relative to oxygen is 2 because sulphur atom is 
twice as heavy as that of O atom. 

Statement 2: Vapor density depends upon the 
molecular state of the substance. 


19. Statement 1: Equal volumes of all the gases 
contain equal number of atoms. 
Statement 2: Atom is the smallest particle 
which takes part in chemical reactions. 


Comprehension Type 


Paragraph | 


Questions given below are based on two industrial 
observations: 


(i) Phosphoric acid H,PO,, is widely used to 
make fertilizer and can be prepared by a 
two-step process 
Step I: P, + 50, > P,O,, 

Step II: P,O,, + 6H,O — 4H,PO, 

We allow 310 g of phosphorus to react with 
excess oxygen, which forms tetraphospho- 
rous dioxide P,O,,, in 50% yield. In step I 
reaction 25% yield of H,PO, is obtained. 


(ii) In order to remove organic sulphur from 
coal, the following reactions are carried out. 


X-S-Y+2 NaOH > X-O-Y + Na,S + H,O 
CaCO, > CaO + CO, 
Na,S + CO, +H,O > Na,CO,+H,S 
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CaO + H,O > Ca(OH), 
Na,CO, + Ca(OH), > CaCO, + 2NaOH 


20. Assuming 100% yield, the number of moles of 
H,PO, that would be obtained is 


(A) 1.25 (B) 10.0 
(C) 5.0 (D) 2.5 


21. Actual number of moles of H,PO, obtained in 
experimental conditions is 


(A) 5 (B) 2.5 
(C) 1.25 (D) 0.3125 


22. In processing of 200 kg of coal having 4% sul- 
phur content, the weight of limestone that must 
be decomposed to provide enough Ca(OH), 
to regenerate the NaOH used in the original 
leaching step is 


(A) 6.25 kg (B) 12.5 kg 
(C) 18.75 kg (D) 25 kg 
Paragraph II 


The following chart shows the height of a secret 
metal iodide precipitate that was formed in a series 
of 10 test tubes. Each test tube contained 3.0 mL 
of a metal nitrate solution (1.0 mol L” with respect 
to the metal ions). Measured volumes of 1.0 mol L™ 
potassium iodide (KI) solution were added to each 
tube in turn to form the precipitate. 


1.4 


1.2 
1.0 
0.8 
0.6 
0.4 
Tf 
1 2 3 4 5 6 7 8 9 10 


Volume of KI solution added (mL) 
in 10 test tubes 


Height of precipitate in cm 


23. What is the formula of the metal iodide 
according to this chart? 


(A) MI, 
(C) MI, 


(B) MI 
(D) MI, 


24. If the height of precipitate in test tubes 4 and 
6 are considered to be authentic, then which 
test tubes are reporting wrong height of 
precipitate? 
(A) land 2 (B) 2 and 3 


(D) 5,7,8,9 and 10 


leh) Appendix A | Chapter-wise Tests 


25. The molarity of I (aq) ion in the ninth test 


tube is 
(A) 10M (B) 0.5M 
(C) 0.33M (D) 0.25 M 


26. The constant heights of precipitates after 
addition of 6.0 mL or higher volume of KI 
solution indicates that 


(A 
(B) 


the solution has become saturated in KI. 


— 


the weighing limit of balance has been 
exceeded. 


the entire metal ion has been precipitated 
out. 


(C) 


(D) the information available is insufficient to 


interpret this observation. 


Matrix-Match Type 


27. Match the description with the concentration 
term. 


Column Il 
(p) Molality 


Column | 

(A) Concentration 
units(s) independent 
of temperature 
variation 


(B) Concentration (q) Molarity 
units(s) dependent on 
temperature 


variation 


a 


(C (r) ppm concen- 


tration 


wa 


meg of solute present 

in 1 kg of solution 

(s) moles of 
solute in hun- 
dred moles of 
solution 


(D) moles of solute pres- 
ent in 1 kg of solvent 


28. Match the compound with the observation 
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MOLE CONCEPT-II 
Single Correct Choice Type 


1. In Mohr salt, oxidation number of N is 


(A) -3 (B) -2 
(C) +1 (D) +5 
2. The oxidation number of S$ in $,O¢" is 
(A) -7 (B) +7 
(C) +6 (D) -6 


3. What weight of nitrate ion (calculated as 
HNO,) is needed to convert 5 g of iodine into 
iodic acid according to the following reaction? 


I, + HNO, ——> HIO, + NO, +H,O 
(A) 12.42 (B) 24.8 g 
(C) 0.248 g (D) 49.6 g 


4. During the oxidation of arsenite to arsenate 
ion in alkaline medium, the number of moles 
of hydroxide ions involved per mole of arse- 


nite ion is 
(A) 2 (B) 3 
(C) 2/3 (D) None of these 


5. What is the equivalent weight of HNO, in the 
following reaction? 


4Zn + 10HNO, > 4Zn(NO,), + NH,NO,+3H,O 


63 63 
(A) 5 arg 
(C) ox 10 (D) x 14 


6. What is the equivalent weight of C,,H,,O,, in 
the following reaction? 


Col | Col II 
——_ = — C,,H,,O, + 36HNO, > 6H,C,O, + 36NO, + 23H,O 
(A) On decomposition, 50% (p) NH, 
increase in volume at the 342 342 
same temperature and (A) 36. (B) 2D 
pressure 
(B) On decomposition, 100% (q) HCl 342 D 342 
; 6 Tees i 
increase in volume at the 22 3 
same temperature and 7. Equivalent weight of H,PO, when it dispro- 
pees 7 portionate into PH, and H,PO, is (mol. wt. of 
(C) On decomposition no (r) O, H,PO, = M) 
change in volume at the 
same temperature and (A) M (B) 3M 
pressure 4 
(D) Gases highly soluble in (s) HBr 
water C gus (D) ea 
ietesic ion ernhauoad a accounts 4 


8. 


10. 


11. 


12. 


13. 


14. 


The equivalent weight of Fe,(SO,),, the salt to 
be used as an oxidant in an acid solution, is 


(A) (mol. wt.)/1 (B) (mol. wt.)/2 
(C) (mol. wt.)/3 (D) (mol. wt.)/5 


. RH, (ion exchange resin) can replace Ca™ in 


hard water as 
RH, + Ca**—» RCa + 2H* 


1 L of hard water after passing through RH, 
has pH 2. Hence, hardness in ppm of Ca” is 


(A) 200 (B) 100 
(C) 50 (D) 125 
200 mL of hard water was boiled with 100 


mL of N50 Na,CO, reagent. After boiling, 
the solution was again made to 200 mL and 
filtered. 25 mL of the filtrate required 8.2 mL 
of N/50 HCl for neutralization. The permanent 
hardness of given hard water sample is 


(A) 172 ppm (B) 86 ppm 
(C) 344 ppm (D) 400 ppm 


In the mixture of NaHCO, and Na,CO,, vol- 
ume of given HCI required for neutralization 
is x mL with phenolphthalein indicator and 
further y mL is required with methyl orange 
indicator. Hence, volume of HCl for complete 
reaction of NaHCO, is 


(A) 2x (B) y 
x 
(C) = (D) W-») 
40 mL of 0.05 M solution of sodium sesquisesqi- 


carbonate (Na,CO,-NaHCO,-2H.O) is titrated 
against 0.05 M HCl. x mL of HCl is used when 
phenolphthalein is the indicator and y mL of 
HCl is used when methyl orange is the indicator 
in two separate titrations. Hence, (y — x) is 


(A) 80 mL (B) 30 mL 
(C) 120 mL (D) 90 mL 
Mass of KHC,O, (potassium acid oxalate) 


required to reduce 100 mL of 0.02 M KMnO, 
in acidic medium (to Mn”) is x g and to neu- 
tralize 100 mL of 0.05 M Ca(OH), is y g, then 


(A) x=y (B) 2x=y 
(C) x=2y (D) 3x=y 
During the disproportionation of I, to iodide 


and iodate ions, the ratio of iodate and iodide 
ions formed in alkaline medium is 


15. 
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(A) 1:5 
(C) 3:1 


(B) 5:1 
(D) 1:3 
For the redox reaction 
MnO; + C,O7 + H*W—> Mn* + CO, + H,O 


the correct coefficients of the reactants for the 
balanced reaction are 


MnO; C,07 Ht 
(Aj 2 5 16 
(B) 16 5 2 
(or 16 2 
(D) 2 16 5 


Multiple Correct Choice Type 


16. 


17. 


18. 


19. 


20. 


The oxidation number of Cr = +6 in 
(A) FeCr,O, (B) KCrO,Cl 
(C) Cro, (D) [Cr(OH), 


Which of the following have been arranged 
in order of decreasing oxidation number of 
sulphur? 


(A) HLS,O, > Na,$,0, > Na,S,0, > S, 
(B) SO* > SO} > SO} > HSO; 
(C) H,SO, > H,SO, > SCL, > H,S 

(D) H,SO, > SO, > H,$ > H$,0, 


Which of the following are primary standard 
substances? 


(A) Na,CO,-10H,O 
(C) Na,B,O,-10H,O 


(B) NaOH 
(D) KMnO, 
20 volumes of H,O, is equal to 

(A) 20% H,O, by mass. 

(B) 6% H,O, by mass. 

(C) 1.764N 

(D) 3.528N 


A solution of Na,S,O, is standardized 
iodometrically against 0.1262 g of KBrO,. 
This process requires 45 mL of the Na,S,O, 


solution. What is the strength of the 
Na,S,O,? 

(A) 0.2M (B) 0.1M 

(C) 0.05 N (D) 0.1 N 
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Assertion-Reasoning Type 
Choose the correct option from the following: 


(A) Statement 1 and Statement 2 are True, 
Statement 2 is the correct explanation of 
the Statement 1. 


(B) Statement 1 and Statement 2 are True, 
Statement 2 is NOT a correct explanation 
of the Statement 1. 


(C) Statement 1 is True, Statement 2 is False. 
(D) Statement 1 is False, Statement 2 is True. 
21. Statement I: KCIO, is a strong oxidizing agent. 


Statement II: Chlorine present in KCIO, is 
highly electronegative. 


22. Statement I: ZnSO,-7H,O and FeSO,-7H,O 
are isomorphous. 


Statement II: Compounds with similar chemi- 
cal composition and same crystalline forms are 
called isomorphous. 


23. Statement I: For most of the solid elements, 
atomic weights are related to their specific heats. 


Statement II: Greater the specific heat, less is 
the atomic mass. 


Comprehension Type 


Paragraph | 


When ammonium vanadate is heated with oxalic 
acid solution a compound Z is formed. A sample 
of Z was titrated with KMnO, in hot acidic solu- 
tion. The resulting liquid was reduced with SO,, the 
excess of SO, is boiled off and liquid again titrated 
with KMnO,. The ratio of the volumes of KMnO, 
used in two titrations was 5 : 1. KMnO, oxidizes all 
oxidation states of vanadium to vanadium (+V) and 
SO, reducess vanadium (+V) to vanadium (+IV). 


24. What is the oxidation state of vanadium in the 
compound Z? 


(A) +2 
(C) 0 


25. If vanadium exists as VO;, species reduced by 
SO, would be 


(A) VO; 
(C) VO; 


(B) +1 
(D) -1 


(B) VO; 
(D) VO” 
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26. Consider following redox reaction: 
VO; + MnO; Mn* + VO; 
1 mol of VO{ is oxidized by x mol of MnO;j. 


Thus, x is, 
(A) 0.2 (B) 0.4 
(C) 0.8 (D) 1.0 


27. Number of moles of MnO; required to titrate 
1 mol of Z in hot acidic solution is 


(A) 0.2 (B) 0.4 

(C) 0.8 (D) 1.0 
28. Compound Z is 

(A) Vor (B) VO 

(C) V (Vanadium) (D) VO; 


Paragraph Il 


Chromium exists as FeCr,O, in nature and it con- 
tains Fe,,;O and other impurities. To obtain pure 
chromium from FeCr,O,, the ore is fused with KOH 
and oxygen is passed through the mixture when 
K,CrO, and Fe,O, are produced. 


FeCr,0O, +KOH+0O, —> K,CrO, + Fe,O, 


Fe,,,;0+O, > Fe,O, 


2 g of ore required 270 mL of O, at 273 K and 
1 atm for complete oxidation of ore. K,CrO, is 
precipitated as BaCrO, when barium salt is 
added. To the remaining solution, 10 mL of 1 M 
K,[Fe(CN),] is added when Fe* ions react with it to 
form K,Fe[Fe(CN),], often called ‘Prussian blue’ To 
determine excess of K,[Fe(CN),] in solution, 7 mL 
of 0.2 N of Fe” is added when all the K,[Fe(CN),] is 
precipitated as K,Fe[Fe(CN),]. 


29. Weight of BaCrO, precipitated is 


(A) 1.64 (B) 6.29 

(C) 0.82 (D) 3.29 
30. % by mass of Fe,,;O in the ore is 

(A) 9.6% (B) 10.1% 

(C) 8.55% (D) 20.2% 
31. n factor for Fe,,;O is 

(A) 0.9 (B) 0.85 

2 
(C) AGG (D) 18 
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32. Weight of impurities present in the ore is 
(A) 0.421 (B) 0.123 
(C) 0.341 (D) 0.206 


Paragraph III 


A steel sample is to be analyzed for Cr and Mn 
simultaneously. By suitable treatment, Cr is oxi- 
dized to Cr,O7 and the Mn to MnO}. 


Cr > Cr,O7 
Mn > MnO; 


A 10 g sample of steel is used to produce 250 mL of 
a solution containing Cr,O7 and MnOj. A 10 mL 
portion of this solution is added to a BaCl, solu- 
tion and by proper adjustment of the acidity, the 
chromium is completely precipitated as BaCrO,, 
0.0549 g is obtained. 

Cr,O> — > BaCrO, 


A second 10 mL portion of this solution requires 
exactly 15.95 mL of 0.0750 M standard Fe™ solution 
for its titration (in acid solution). 


33. % of chromium in the steel sample is 
(A) 1.496 (B) 2.82 
(C) 1.96 (D) 5 

34. Equivalent of Fe required for reduction of 
MnO, is 
(A) 5.44 x 10“ 
(C) 1.196 x 10° 


(B) 0.544 x 107 
(D) 11.96 x 10“ 


35. Amount of BaCl, required for conversion of 
Cr,O5 to BaCrO, in steel sample is 


(A) 0.045 (B) 0.0549 
(C) 1125 (D) 2.82 


Matrix-Match Type 


36. Match the element with its oxidation number. 


Column | Column II 
(A) Pin Na,P,O, (p) +2 
(B) OinOJPtF,] (q) -3,+5 
(C) Fein FeO (r) +5 
(D) S$ in H,SO, (s) +1/2 
(E) Nin NH,NO, (t) +6 


> > Miinaradam sredierniinte 
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37. Match the characteristic property with its 
elements/compounds. 


Column | Column II 
(A) Nitrogen shows 


oxidation number 


(p) Itself reduces 


(B) Oxygen family ex- (q) -2 to +6 
cept oxygen shows 
oxidation number 

(C) Carbon shown oxi- (r) —4 to +4 
dation number 

(D) MnO, (s) —3 to +5 

(E) CO, (t) Oxidizes itself 


GASEOUS AND LIQUID STATE 
Single Correct Choice Type 


1. In the figures below a doll is entrapped within 
a piston and cylinder containing gas. Initial 
and final conditions are shown Fig. I and Fig. II 
respectively. The volume of doll is 


p=7atm 
p=10atm V= 1000 mL 
V= 800 mL ag 


Figure | Figure Il 
(A) 1000 mL (B) 2 aie 
17 
py ar jy 20 eet, 
3 15 


2. In Fig. I below an air column of length /,, is 
entrapped by a column of Hg of length 8 cm. 
In Fig. II, the length of the same air column at 
the same temperature is /,. Then //l, is (1 atm = 
76 cm of Hg) 


>! >| 


| 
C Gf _\) 
8cm 


Figure | 


Figure Il 


(A) = Sees (B) ih sain 
19 19 


2 21 
C) 14+—xsind@ D) — 
(C) 51 (D) a 
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3. To determine the value of R, which of the fol- (C) a and b are the characteristic constants 


lowing pV value is considered to be equal for 
every gas at 273 K? 


not the universal gas constant. 


(D) All of the above are correct. 


(A) tim (pV) (B) lim(pV,,) 7. Regarding compressibility factor Z, which of 
the following is/are correct? 
C) li V, D) li V, 
o ae n) (D) ated nm) (A) For most of the real gases, Z decreases 
ith t the | ; 
For the different ideal gases (d/p) versus p vari- sla imamate lies 
ations at definite temperature is (B) For most of the real gases, Z increases 
with p at the higher pressure. 
(A) M; ; 
A Mp (C) For H,(g) and He(g), Z increases with p at 
d Ms M3 > M> M, all the pressures and at room temperature. 
p ye (D) All of the above are correct. 
pe 8. Below the critical temperature, which of the 
(B) following represent van der Waals gas? 
: \\ Mena A, ©, 
P M. 
My Mz 3 p p 
p> 
(C) Vin—> Vin 
i —— M, (C) (D) 
d 3 
M3 > M>> M. 
fi ae el | - A 
My p p 
p> 
Vin > Viq—> 
(D) 4 
a 9. Which of the following statements character- 
pP izes the critical point? 
p> 


To a given container having a pore of definite 
size, gas A (mol. wt. = 81) is filled till the final 
pressure becomes 10 atm. It was seen that in 
50 min, 10 g of A effused out. Now the con- 
tainer was completely evacuated and filled 
with gas B (mol. wt. = 100) till the final pres- 
sure become 20 atm. In 75 min, how many 
grams of B will be effused out? 


(A) At the critical point, both liquid and solid 
phases coexist. 

(B) At the critical point, solid, liquid and gas 
phases coexist. 

(C) At the critical point, liquid and gas phases 
coexist. 

(D) At the critical point, liquid and gas phases 
have unequal density. 


10. Critical temperature (T.) and critical pressure 
100 100 values of four gases are given below. 
(A) sg (B) Ss ue senile 
6 3 Gas T, (K) p, (atm) 
200 250 P 5.1 pio} 
Cc cence D acai . . 
(ss m8 Q 33 13 
Regarding the van der Waals constant, which . a 7 


of the following is/are correct? 


(A) a depends on the intermolecular interac- 


Which of the gas/gases cannot be liquefied at a 
temperature 100 K and pressure 50 atm? 


tions. 
(B) b depends on the size of the gas ay S only (B) Ponly 
molecules. (C) RandS (D) PandQ 
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11. 


12. 


13. 


14. 


15. 


A certain gas effuses out of two different ves- 
sels A and B. A has a circular orifice while B 
has a square orifice of length equal to the 
radius of the orifice of vessel A. The ratio of 
rate of diffusion of the gas from vessel A to 
that from vessel B is 


(A) #:1 
(C) 1:1 


(B) 1:2 
(D)3 22 
A balloon with volume 4200 m’ is filled with 
helium gas at 27°C, 1 bar pressure and is found 


to weigh 700 kg. If density of air is 1.2 kg m™, 
the payload of balloon is 


(A) 5040 kg (B) 4340 kg 
(C) 3500 kg (D) 5740 kg 
Two glass bulbs A (of 100 mL capacity), and B 


(of 150 mL capacity) containing the same gas 
are connected by a small tube of negligible 
volume. At particular temperature, the pres- 
Pie . The 
Poe ou 

stopcock is opened without changing the tem- 


sure before opening the valve 


perature. The pressure in A will 

(A) drop by 75%. (B) drop by 57%. 

(C) drop by 25%. (D) will remain the 
same. 


van der Waals constant b and the correspond- 
ing values of critical temperature for three 
gases P,Q, R are given below: 


Gas Critical van der Waal’s 
temperature (T.) constant (b) 

P -200°C 0.03 L mol 

Q -100°C 0.02 L mol 

R +50°C 0.01 L mol" 


Which of the gas/gases is/are liquefiable at a 
temperature —110°C by application of increas- 
ing pressure? 


(A) RQR (B) RQ 
(C) Q,R (D) None of P,O,R 
NH, gas is liquefied more easily than N,. Hence, 


(A) van der Waals constants a and b of NH, 


are greater than that of N,. 


(B) 


van der Waals constants a and b of NH, 
are lower than that of N,. 


a(NH,) > a(N,) but b(NH,) < b(N,). 
a(NH,) < a(N,) but b(NH,) > B(N,). 


(C) 
(D 


wa 
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Multiple Correct Choice Type 


16. 


17. 


18. 


Four gas balloons A, B, C, D of equal volumes 
containing, H,, N,O, CO, CO,, respectively 
were pricked with needle and immersed in a 
tank containing CO,. Which of them will shrink 
after some time? 


(A) A 
cc 


According to Maxwell—Boltzmann distribution 
of speeds among gas molecules, which of the 
following statements are incorrect? 


(B) B 
(D) Both A and D 


(A) The maxima in plot of aol vs. speed per- 
tains to average speed. 


(B) The plot of ~~ vs. speed is a straight line 
with slope > 0. 


(C) The value of root mean square velocity 
increases with rise in temperature. 


(D) Area under the curve gives the total num- 
ber of molecules. 


Which of the following are not correctly matched 
with the value of van der Waal constant a? 


(A) C,H, (g); a@=0.217 
(B) C,H;CH,(g); a= 18 

(C) Ne; a=5.464 
(D) H,O(g); a= 24.06 


Assertion-Reasoning Type 


Choose the correct option from the following: 


19, 


20. 


(A) Statement 1 and Statement 2 are True, 
Statement 2 is the correct explanation of 
the Statement 1. 


(B) Statement 1 and Statement 2 are True, 
Statement 2 is NOT a correct explanation 
of the Statement 1. 


(C) Statement 1 is True, Statement 2 is False. 
(D) Statement 1 is False, Statement 2 is True. 


Statement 1: At a particular temperature, the 
value of mean free path increases with decrease 
in pressure. 


Statement 2: All the gas molecules at a particu- 
lar temperature possess same speed. 


Statement 1: Noble gases can be liquefied. 


Statement 2: Attractive forces can exist between 
non-polar molecules. 
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Comprehension Type 


Paragraph | 


Under a given condition, it is found that two separate 
gases (gas I and gas II) effuse out of two separate 
containers in such a way that they follow the equation 


oY =—k,N and ay =-k,N, 
dt dt 


where k, = 6.93 x 10° s', k, = 6.93 x 10° s', and 
N is the number of molecules remaining in the 
container. 


21. Which of the following may represent fraction 
of molecules present after the given interval 


for gas I? 

t=0 t=100s t=200s 
wr gS 
(B) 1 - ~ 
or | 
mr tg 


22. Identify the correct option regarding sequence 
of True (T) and False (F) statements. 


(i) The time required for number of moles of 
gas I to get reduced to half of original and 
that of gas II to reduced to half of original 
is independent of initial number of moles 
of gas I and gas II. 


(ii) The rate at which initially molecules will 
effuse out in gas I will be greater as com- 
pared to gas I, if initial number of mole- 
cules is same. 

(iii) The time required for number of moles to 
get reduced from 1 to 0.8 in gas I and 2 to 
1.6 in gas II will be the same. 

(iv) For the two gases, number of moles 
remaining in the container after same 


interval should be in _ geometrical 
progression. 

(A) TFFT (B) TFTT 

(C) FIFT (D) TTFF 


Matrix-Match Type 


23. Match the description with its characteristic 
curve. 


Column II 


a 

I. 
V 
is 


24. Match the term with its expression. 


Column | 


(A) = vs. p for ideal gas at 
constant T and n 


(B) Vvs. = for ideal gas at (q) 


constant p andn 


(C) log p vs. log V for ideal 
gas at constant T and n 


(D) V vs. = for ideal gas at 


constant T and n 


Column | Column II 
(A) [p+ (p) Real gas 
x (2V- b)=RT 
van der Waals 
3p q 
(B) or equation for 0.5 
mol of gas 
C 
—=L1 r) Root mean square 
(C) — =1.66 (r) Root q 
Cy velocity 
2a i 
(D) a (s) Monoatomic gas 
t) Inversion tempera- 
(E) Z>or<1 (t) P 


ture 


SOLID STATE 
Single Correct Choice Type 


1. Consider cube 1 of body centered cubic unit 
cell of edge length a. Now atom at the body 
center can be viewed to be lying on the corner 
of another cube 2. Find the volume common to 
cube 1 and cube 2. 
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2 


3. 


(A) 5 Bye 
O oF (D) 


First three nearest neighbor distances for prim- 
itive cubic lattice are respectively (edge length 
of unit cell = a) 


(A) a, ¥2a, V3a 
(C) a, V2a, 2a 


(B) V3a, V2a, a 
(D) a, ¥3a, 2a 


First three nearest neighbor distances for body 
centered cubic lattice are respectively, 


(A) V2a, a,v3a a, \3a 


(8) 


a 


‘a (D) —, a, V3a 


(C) —,a, V2a 


Ina feeders solid C, atoms form ccp lat- 
tice with A atoms occupying all the tetrahedral 
voids and B atoms occupying all the octahe- 
dral voids. A and B atoms are of the appropri- 
ate size such that there is no distortion in the 
ccp lattice. Now if a plane is cut (as shown) 
then the cross section would like 


Plane 


ccp unit cell 
(A) 


10. 
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NiO adopts a rock-salt structure. The coordina- 
tion number of the Ni* 


ion is 
(A) two (B) four 
(C) twelve (D) six 
8 :8 coordination is noticed in 
(A) MgO (B) ALO, 
(C) CsCl (D) All of the above 


What type of crystal defect is indicated in the 
diagram below? 


Na Cl Na* cl Na’ Cl 
cl cl Na* Na* 
Na Cl cl Na’ Cl 
cl Na Cl Na* Na* 


(A) Frenkel defect 

(B) Schottky defect 

(C) Interstitial defect 

(D) Frenkel and Schottky defect 


In an fcc unit cell, a cube is formed by joining 
the centers of all the tetrahedral voids to gen- 
erate a new cube. Then the new cube would 
contain voids as 


emer“ 


(A) 1 tetrahedral void, 1 octahedral void. 

(B) 1 tetrahedral void only. 

(C) 8 tetrahedral voids and 1 octahedral void. 
(D) 1 octahedral void only. 


MgALO,, is found in the spinel structure in 


which O7 ions constitute ccp lattice, Me™ ions 
occupy 1/8" of the tetrahedral voids and Al* 
ions occupy 1/2 of the octahedral voids. Find the 
total positive charge contained in one unit cell. 


(A) +7/4 electronic charge 
(B) +6 electronic charge 
(C) +2 electronic charge 
(D) +8 electronic charge 


Which of the shaded planes in following fcc 
lattice contains arrangement of atoms as 
shown by circles? 
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11. 


OOO 
OOO 


@ 6 
‘fm te 


Cesium chloride on heating to 760 K changes 
into 


(A) CsCl(s). 
(B) NaCl structure. 


(C) antifluorite structure. 


(D) ZnS structure. 


Multiple Correct Choice Type 


12. 


13. 


14, 


15. 


Which of the following statements is/are incor- 
rect about amorphous solids? 


(A) They undergo clean cleavage. 

(B) They do not have sharp melting points. 
(C) They have high degree of rigidity. 

(D) They exhibit isotropy. 


Which of the following is/are likely to exhibit 
frenkel type defect? 


(A) NaBr (B) ZnS 
(C) AgBr (D) CsCl 
What is/are true about diamagnetic materials? 


(A) They are weakly repelled by the magnetic 


field. 
(B) 


There are large number of unpaired 
electrons. 


(C) 
(D) Benzene 
substances. 


The ionic radii of Cs and Cl are 0.165 nm and 
0.181 nm, respectively. Their atomic weights 
are 133 and 35.5. Then 


They have all paired electrons. 


and TiO, are diamagnetic 


(A) the lattice parameter is 0.4 nm. 


16. 
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(B) the lattice parameter cannot be deter- 
mined from this data. 


C) the density of CsCl is 4.37 x 10° kg m®. 
(C) y g 
(D) CsCl has a fee structure. 


The coordination number of fcc structure for 
metals is 12, since 


(A) each atom touches 4 others in the same 
layer, 3 in the layer above and 3 in the 
layer below. 


each atom touches 4 others in the same 
layer, 4 in the layer above and 4 in the 
layer below. 


(B) 


each atom touches 6 others in the same 
layer, 3 in the layer above and 3 in the 
layer below. 


(C) 


(D) each atom touches 3 others in the same 
layer, 6 in the layer above and 6 in the 


layer below. 


Assertion-Reasoning Type 


Choose the correct option from the following: 


17. 


18. 


19. 


(A) Statement 1 and Statement 2 are True, 
Statement 2 is the correct explanation of 
the Statement 1. 


(B) Statement 1 and Statement 2 are True, 
Statement 2 is NOT a correct explanation 
of the Statement 1. 


(C) Statement 1 is True, Statement 2 is False. 
(D) Statement 1 is False, Statement 2 is True. 
Statement 1: A particle present at the corner 
of the end centered unit cell has sth of its 
contribution to the unit cell. 


Statement 2: In any space lattice, the corner of 
the unit cell is always shared by the eight unit 
cells. 


Statement 1: An important feature of fluo- 
rite structures is that cations being large in 
size, occupy fcc lattice points whereas anions 
occupy all the tetrahedral voids giving the for- 
mula unit AB,. (A: cation, B: anion.) 


Statement 2: There are 6 cations and 12 anions 
per fcc unit cell of the fluorite structure. 


Statement 1: In AgCl crystal, frenkel defect 
can be observed. 


Statement 2: Ag” is a small sized cation. 
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Comprehension Type 


Paragraph | 


A metal crystallizes in a closed packed structure, 
the atoms stack together occupying maximum 
space and leaving minimum vacant space. Each 
sphere in the first layer is in contact with six neigh- 
bors. Now while arranging the second layer on the 
first layer, spheres are placed in depression of first 
layer. Spheres of third layer lie in the depression of 
second layer that do not lie directly over the atoms 
of first layer. This repeating arrangement of atoms 
produces a giant lattice. 


20. If the edge length of unit cell is a, then what is 
the shortest distance between two atoms? 


a 
(A) $ (B) a 
a V3a 


21. If atomic weight of metal is 197 and a = 4.07A, 
then density of unit cell is 


(A) 49.8 gcm™ (B) 19.4 gcm™? 
(C) 56.2gcm™” (D) 86.5 gcm™” 


22. Which of the following shaded plane contains 
the following arrangement of atoms? 


OO 
EE 


. 
v 


(B) 
» * 
y 
= 
at 
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Paragraph Il 


Calcium crystallizes in a cubic unit cell with den- 
sity 3.2 g cm™. Edge length of the unit cell is 437 
picometre (pm). 


23. The type of unit cell is 


(A) simple cubic (B) bec 


(C) fee (D) edge-centered 
24. The nearest neighbor distance is 

(A) 154.5 pm (B) 309 pm 

(C) 218.5 pm (D) 260 pm 


25. The number of nearest neighbors of a Ca atom 
is 


(A) 4 (B) 6 
(C) 8 (D) 12 


26. When the metal is melted, the density of the 
molten metal is found to be 3 g cm™. What will 
be the percentage of empty space in the melt? 


(A) 31% (B) 36% 
(C) 28% (D) 49% 


Matrix-Match Type 


27. Match the arrangment of atoms/ions with their 
planes in fcc lattice. 


Column | Column Il 
(A) RS (p) » 
(B) See (q) ®\ 
(C) ER (r) imi 
(D) O00 (s) 

coo [fl 
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28. 


29. 


Match the edge length of a cube with its 
characteristics distance between atoms/ions in 
different compounds. 


Column | Column II 


(A) 0.866 a 


(p) Shortest distance 
between cation 
and anion in CsCl 
structure 


(B) 0.707 a (q) Shortest distance 
between two 
cations in CaF, 


structure 


(r) Shortest distance 
between carbon 
atoms in diamond 


(s) Shortest distance 
between two cat- 
ions in rock salt 
structure 


(C) 0.433 a 


Column II 
(A) Spinel structure (p) ZnALO, 
(B) Glass (q) Pseudo solid 


(C) 6:6 Co-ordination (r) NaCl type 
structure 


Column | 


(D) Plastics (s) Super cooled 


liquid 


ATOMIC STRUCTURE 
Single Correct Choice Type 


1. 


Number of a-particles scattered by an angle 0 
in Rutherford’s experiment is 


(A) directly proportional to (K.E.)’. 
(B) directly proportional to Z*. 
(C) inversely proportional to e’. 


(D) inversely proportional to (K.E.)’. 


. Light of wavelength / shines on a metal sur- 


face with intensity x and the metal emits y 
electrons per second of average energy, z. 
What will happen to y and z if x is doubled? 


(A) y will be doubled and z will become half. 
(B) y will remain the same and z will be doubled. 
(C) both y and z will be doubled. 

(D) y will be doubled but z will remain the same. 
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3. How many electrons can fit into the orbitals 


that comprise the third quantum shell n = 3? 
(A) 2 (B) 8 
(C) 18 (D) 32 


. Which one of the following represents an 


impossible arrangement? 
nl m s 
(A) 3 2 —2 1/2 
(B) 4 0 0 1/2 
(C) 3 2 3 1/2 
(D) 5 3 0 1/2 


. The nucleus of an atom is located at x = y = 


z = 0. If the probability of finding an s-orbital 
electron in a tiny volume around x =a, y= z=0 
is 1 x 10°, what is the probability of finding the 
electron in the same sized volume around x = z 
=0,y=a? 


(A) 1x10° 
(C) 1x10°xa@ 


(B) 1x10°xa 
(1) 1X10? xa * 


. Ifn and /are respectively the principal and azi- 


muthal quantum numbers, then the expression 
for calculating the total number of electrons in 
any energy level is 


(A) 5202141) (B) ¥° 22141) 


l=n-1 


(C) S$ 200141) (D) >) 2(2/+1) 


. A photon was absorbed by a hydrogen atom 


in its ground state and the electron was pro- 
moted to the fifth orbit. When the excited atom 
returned to its ground state, visible quanta were 
emitted when electron made the transition 

(A) 5>2 (B) 21 


(CG) 3-1 (D) 451 


. In center-symmetrical system, the orbital angu- 


lar momentum, a measure of the momentum 
of a particle travelling around the nucleus, is 
quantized. Its magnitude is 


h h 

(A) Ji@+1) = (B) /ji(i-1 = 
h h 

(C) Js(s+1) = (D) ./s(s—1) = 
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10. 


11. 


13. 


14. 


15. 


. An electron, a proton and an alpha par- 


ticle have kinetic energies of 16 EF, 4 E and E 
respectively. What is the qualitative order of 
their de-Broglie wavelengths? 


(A) 4,>4,= 4, (B) 4,=4,> 4, 
(C) A,>4,> Ay (D) 4,< 4, > 4, 


The dissociation energy of H, is 430.53 kJ mol’. 
If H, is dissociated by illuminating with the 
radiation of wavelength 253.7 nm, the fraction 
of the radiant energy which will be converted 
into kinetic energy is given by 


(A) 8.76% (B) 12.33% 
(2). 113% (D) 100% 


The radii of two of the first four Bohr orbits 
of the hydrogen atom are in the ratio 1 : 4. The 
energy difference between them may be 


(A) either 12.09 eV or 3.4 eV. 
(B) either 2.55 eV or 10.2 eV. 
(C) either 13.6 eV or 3.4 eV. 
(D) either 3.4 eV or 0.85 eV. 


. The Z-component of angular momentum of 


an electron in an atomic orbital is governed by 
the 


(A) principal quantum number. 
(B) azimuthal quantum number. 
(C) magnetic quantum number. 
(D) spin quantum number. 


In an atomic orbital the sign of the lobes indi- 
cates the 


(A) sign of the probability distribution. 
(B) sign of charge. 

(C) sign of wave function. 

(D) presence or absence of electron. 


Radius of third orbit of Li* ion is x cm then 
de-Broglie’s wavelength of electrons in the first 
orbit is 


(A) = cm (B) 6ax cm 
20x 
(C) 3axcm (D) = 


A proton accelerated from rest through a 
potential difference of V volts has a wave- 
length 4 associated with it. An alpha particle 
in order to have the same wavelength must be 
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accelerated from rest through a potential dif- 
ference of 


(A) V volt 
(C) 2V volt 


(B) 4V volt 
(D) a volt 
8 


Multiple Correct Choice Type 


16. 


17. 


18. 


The wave functions of 3s and 3p, orbitals are 


given by 
ie 
a 1 (= y Z ; i 
* 9/3 (42) Lay dp 


1 3 : 
i (2) Z\(, 2zZr\(2Zr\ 
4- e ~“° cos@ 
9/6 \4z) \ a 3a) )\ 3a, 


From these we can conclude that 


Nw 


9029 \ S2e 

4 Zr Je 
2 

9 a, 


(A) the number of nodal surfaces for 3p, and 
3s orbitals are equal. 

(B) the angular nodal surface of 3p, orbital 

has the equation a=. 

the radial nodal surfaces of 3s orbital and 

3p, orbitals are at equal distance from the 

nodes. 


(C) 


(D) 3s electrons have greater penetrating 
power into the nucleus in comparison to 


3p electrons. 


In a hydrogen-like sample electron is in the 
second excited state, and the binding energy of 
fourth state of this sample is 13.6 eV. Then 


(A) 25 eV photon can set free the electron 
from the second excited state of this 
sample. 


(B) three different types of photons will be 
observed if electrons make transition to 
the ground state from the second excited 


state. 


if 23 eV photon is used, then, K.E. of the 
ejected electron is 1 eV. 


(C) 


(D) second line of Balmer series of this sample 


has the same energy value as first excitation 
energy of hydrogen atoms. 


First excitation potential for the hydrogen-like 
(hypothetical) sample is 24 V. Then 


(A) ionization energy of the sample is 36 eV. 


(B) ionization energy of the sample is 32 eV. 
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(C) binding energy of third excited state is 
2 eV. 


(D) second excitation potential of the sample 


32x8 


iS V. 


19. A hydrogen-like atom in the ground state 
absorbs ‘n’ photons having the same energy 
and it emits exactly ‘n’ photons when electronic 
transition takes place. Then the energy of the 
absorbed photon may be 


(A) 91.8 eV 
(C) 48.4eV 


(B) 40.8 eV 
(D) 54.4eV 


20. Hydrogen atoms are in a particular excited 
state ‘n. When all these returned to ground 
state, 6 different photons are emitted. Which of 
the following is/are incorrect? 


(A) Out of the six different photons, only two 
photons have speed equal to that of vis- 
ible light. 


(B) If highest energy photon emitted from 
the above sample is incident on the metal 
plate having work function 8 eV, K.E. of 
liberated photoelectron may be equal to 


or less than 4.75 eV. 


Total number of radial nodes in all the 
orbitals of 1'" shell is 24. 


(C) 


(D 


ee 


Total number of angular nodes in all the 
orbitals in (n—1)" shell is 23. 


Assertion-Reasoning Type 
Choose the correct option from the following: 


(A) Statement 1 and Statement 2 are True, 
Statement 2 is the correct explanation of 
the Statement 1. 


(B) Statement 1 and Statement 2 are True, 
Statement 2 is NOT a correct explanation 
of the Statement 1. 


(C) Statement 1 is True, Statement 2 is False. 
(D) Statement 1 is False, Statement 2 is True. 


21. Statement 1: The charge to mass ratio of the 
particles in anode rays depends on nature of 
the gas taken in the discharge tube. 


Statement 2: The particles in anode rays carry 
positive charge. 


22. Statement 1: s orbital cannot accommodate 
more than two electrons. 


Statement 2: s orbitals 


symmetrical. 


are spherically 


23. Statement 1: Kinetic energy of photoelectrons 
is directly proportional to the intensity of the 
incident radiation. 


Statement 2: Each photon of light causes the 
emission of only one photo electron. 


24. Statement 1: The existence of three unpaired 
electrons in phosphorous atom can be 
explained on the basis of Hund’s rule. 


Statement 2: According to Hund’s rule, the 
degenerate orbitals are first singly occupied 
and only then pairing takes place. 


25. Statement 1: If an electron is located within 
the range of 0.2 A then the uncertainty in 
velocity is approximately 6 x 20° m s™. 


Statement 2: Trajectory (path of motion) of 
above electron can be defined (h = 6.6 x 20™, 
m, = 9.2207 kg) 


Comprehension Type 


Paragraph | 


Assume that there were four possible values (-1, : : 
+ , +1) for the spin quantum number m,. Principal 


quantum number v7 is defined as usual. However, 
quantum numbers / and m, are defined as follows: 
I: 1 to (n +1) in integral steps 


my to 5 (including zero, if any) in integral 


steps. 

The orbitals corresponding to / = 1, 2, 3... are 
designated as A, B, C,... respectively. Further, the 
values of m, for a given value of / give the number 
of sub-orbitals in an orbital. 

The principles for filling electrons in the shells 
remain unchanged. The order of energies of various 
orbitals is: A << B <C... for the same shell. 


26. The number of elements that would be present 
in the second period of the periodic table is 


(A) 9 (B) 20 
(C) 24 (D) 36 
27. The second period would begin with 
(A) fluorine 
(B) sodium 


(C) calcium 
(D) scandium 
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28. The number of sub-orbitals and the maxi- 
mum number of electrons that can be filled in 
Eorbitals are, respectively 


(A) 6,24 (B) 5,20 
(C) 728 (D) cannot be 
determined 
Paragraph Il 


Orbital wave function y can be written as 


W(r,0,0) =R(r)-O@)-2@) 


For various orbitals of hydrogen atom and hydro- 
gen like atoms, values of R (radial wave function) 
are 


zy? 
For 1s orbital: R,, =| — | e” 
a 


0 


Z \? Zr -_ 
For 2s orbital: R,, = a 2- -_ e 
0 0 


2 = 
For 1p orbital: R,, = a2 ) [Ze 
Ay Ay 


For 3s orbital: 


3 
3 930) As 
R,,.= a) et) gee = xe*” and so on. 
3\ 3a, Ay 9ay 


4n c,h? 
Here a, = Bohr radius = ae 
e 


Similarly angular functions @ and @®can also be 
given as follows for s orbital. 
1 1 
0(@)=—= and ©(¢)= — 
O=-F @)= 
So for 1s orbital ycan be given as 


WY; = R, : O,, . ®,, 


29. Probability density of finding an electron at 
distance r from nucleus in hydrogen atom (in 
ground state) is 


(A) w 
oe 
4 


ay 


(B) R° 


(D) None of these 


YINnaradan 
CU 


30. Value of r at which radial node is found for 2s 


orbital is 
(A) a (B) 2a, 
(C) 3a, (D) 4a, 
31. Radial nodes for 3s orbital is/are at 
(A) r=19 a, (B) r=71 a, 
(C) r=2a, (D) Both (A) and (B) 


Matrix-Match Type 


32. Match the orbitals and their characteristics. 


Column | Column II 
(A) Orbitals having equal (p) 3p, 3d 
energy 


(B) Orbitals having zero or- 
bital angular momentum 


(C) Orbitals with only one 
spherical node 


(q) 2s and 3s 


(r) Degener- 
ate orbit- 
als 


(D) Orbitals having direc- (s) 2s and 3p 


tional character 


33. Match the orbitals and their characteristics. 


Column | Column II 
ee (p) 3p, 
A 
>r 
(B) & (a) 4p, 
8 
vt 
A 
>r 
(C) Angular probability is (r) 3s 
dependent on @and ¢ 
(D) At least one angular node —(s) 3p, 


is present 


CHEMICAL BONDING 
Single Correct Choice Type 


1. The molecule BF, and NF, both are covalent 
compounds. But BF, is non-polar and NF, is 
polar. The reason is that 
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(A) boron is a metal and nitrogen is a gas in 


uncombined state. 


BF, bonds have no dipole moment 
whereas NF, bonds have dipole moment. 


(B) 


atomic size of boron is smaller than that 
of nitrogen. 


(C) 


(D) BF, is symmetrical molecule where as NF, 


is unsymmetrical. 


Example of pz— pzbonding is 


(A) BF; (B) SO, 

(C) SO, (D) All of these 
The hybridization state of B in B,H, is 
(A) sp (B) sp? 

(C) sp° (D) sp*d 


. The observed dipole-moment of HCl molecule 
is 1.03 D. If H—Cl bond distance is 1.275 A and 
electronic charge is 4.8 x 107'° esu, what is the 
percent polarity of HCl? 


(A) 1.275 A x 1.03 


48x10" x1.275x10% 


B 

“ 1.03 

1.03 x 100 x 107" 
(C) -10 -8 

4.8x107° x1.275 x10 
-10 

(D) 48x10" 10 

1.03 

. Effective overlapping will be shown by 

(A) ©0+@0 (B) 8+8 
(C) ©C0+C0 (D) All the above 


. The structure of Br; involves hybridization of 
the type 


(A) spd 
(C) dsp* 


. Which of the following statement is/are not 
correct? 


(B) spd’ 
(D) d’sp° 


(A) CH} shows sp’ hybridization whereas 
CH; shows sp* hybridization. 


(B) NH; has a regular tetrahedral geometry. 


(C) sp* hybridized orbitals have equal s and p 
character. 


(D) Hybridized orbitals always form o bonds. 


— 
i?) 
¢ 
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8. Match the items under List I with the items 
under List II and select the correct answer 
using the codes given below the lists 


List | (Hybridization) List II (Shape) 


(a) dsp” (1) Square planar 

(b) sp* (2) Tetrahedral 

(c) d’sp* (3) Octahedral 

(d) spd (4) Trigonal bipyramidal 


(A) (a) > 1,(b) 
(B) (a) > 4;(b) 
(C) (a) 1,(b) 
(D) (a) > 1;(b) 


9. In the 8.4 g N,, total number of z electrons 


> 2;(c) > 3;(d) 34 
> 2;(c) >3;(d) > 1 
> 3;(c) > 2;(d) > 4 
> 4; (c) >3;(d) 33 


would be 
(A) 12 Ny (B) 18 N, 
(C) 2.4N, (D) 0.6 Ny 


10. The correct order of the O—-O bond length in 


O,, HO, and O, is 

(A) O,>H,0O,>0, 
(B) O,>H,0,>0, 
(C) O,> 0; > HO; 
(D) H,O,>0,>0, 


11. Naphthalene has four different types of carbon- 


carbon bonds as shown by the following figure. 


I|_AWlll 
Cn 


The shortest carbon-carbon bond is 


(A) I (B) I 
(C) Il (D) IV 
12. Which of the following molecular orbital has 
two nodal planes? 
(A) o2s (B) m*2p 
(C) o2p. (D) o*2p, 


13. In which excited state iodine shows spd’ 
hybridization state? 
(A) Zero (B) First 
(C) Second (D) Third 


14. Which of the following has shape most near to 
pyramidal shape? 
(A) °CH, (B) *CH,F 
(C) ‘CHF, (D) *CF, 
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15. 


16. 


17. 


18. 


19. 


20. 


Correct order of bond angle is 
(A) PF, < PH, (B) PH, < PF, 
(C) PF,;= PH, (D) cannot be predicted. 


How many covalent and how many coordinate 
bonds are present in Al,Cl,? 


(A) 6,2 (B) 70 

(C) 4,4 (D) 8,0 

O-O bond length in H-O-O-H and F-O-O-F 
respectively are 

(A) 1.22A,148 A (B) 148A,1.22A 

(C) 122A,122A (D) 148A, 1.48 A 
Match the items under List I with items under 


List II and select the correct answer from the 
codes given below the lists 


List | (Molecule) List Il (Shape) 


(a) PCI, (p) V-shaped 

(b) F,O (q) Triangular planar 

(c) BCI, (r) Trigonal bipyramidal 

(d) NH, (s) Trigonal pyramidal 
(t) Tetrahedral 


(A) (a) > p,(b) >t, (c) > s,(d) > r 
(B) (a) >q, (b) >1,(c) >p,(d) > q 
(C) (a) >s,(b) >1,(c) > q,(d) >t 
(D) (a) >1,(b) >p,() >q,(d) > 8 


The bond angles of NH,, NH} and NH; are 
in the order 


(A) NH; > NH, > NH? 

(B) NH? > NH, > NH; 
(C) NH,>NH; >NH* 
(D) NH, > NHt > NH; 


In an antibonding molecular orbital, electron 
density is minimum 


(A) around one atom of the molecule. 
(B) between the two nuclei of the molecule. 


(C) at the region away from the nuclei of the 
molecule. 


(D) at no place. 


Multiple Correct Choice Type 


21. 


Which of the following overlap of orbitals is/ 
are incorrect? 


rlaqgra 
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(A) @+@O>G+9 
(B) O® +OC@> OCD® 


© BGS 


OSE I6 


22. The type of bonds present in PH,] are 
(A) ionic. (B) covalent. 
(C) coordinate. (D) H-bonds. 


23. What is correct about PCI; molecule? 
(A) The molecule has pentagonal planar shape. 
(B) It has two types of P—Cl bonds. 
(C) All the P—-Cl bonds are of equal length. 


(D) The molecule has trigonal bipyramidal 
shape. 


24. Which of the following statements are not 
correct? 


(A) All C—O bonds in CO} are equal but 
not in H,CO,. 


(B) All C—O bond in HCO; are equal but 
not in HCO,H. 


(C) C—O bond length in HCO; is longer 
than C—O bond length inCO? . 


(D) C—O bond length in HCO; and C—O 
bond length in CO? are equal. 


25. In the structure of H,CSF,, which of the 
following statement is/are correct? 


(A) Two C—H bonds are in the same plane of 
axial S—F bonds. 


(B) Two C—H bonds are in the same plane of 
equatorial S—F bonds. 


(C) Total six atoms are in the same plane. 
(D) Equatorial S—F plane is perpendicular to 
the nodal plane of z bond. 
Assertion-Reasoning Type 
Choose the correct option from the following: 


(A) Statement 1 and Statement 2 are True, 
Statement 2 is the correct explanation of 
the Statement 1. 


(B) Statement 1 and Statement 2 are True, 
Statement 2 is NOT a correct explanation 
of the Statement 1. 
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(C) Statement 1 is True, Statement 2 is False. 
(D) Statement 1 is False, Statement 2 is True. 


26. Statement 1: XeF, is a linear molecule. 
Statement 2: Xe atom assumes sp hybrid state 
in XeF,. 


27. Statement 1: The bond angle of directed bonds 
around S in HS is 92°. 
Statement 2: S atom in H,S is sp* hybridized. 


28. Statement 1: O, molecule is paramagnetic in 
nature. 
Statement 2: O, molecule contains two unpaired 
electrons in antibonding orbitals. 


29. Statement 1: First group elements are very 
good reducing agents. 
Statement 2: First group elements have low 
sublimation energy and low ionization energy 
hence these elements have very high negative 
standard reduction potential. 


Comprehension Type 


Paragraph | 


The potential energy W of a system of two atoms A 
and B varies as a function of their distance of sepa- 
ration r as follows: 


where A’ and B’ are characteristic constants inde- 
pendent of r. 


30. The bond distance between A and B that is d, 


is given by 
1 1 
mB’ \m-n nA! \m-n 
(A) dy p= nA’ (B) dy p= mB’ 
mB’ mB’ = 
(C) dap= ar (D) a, 3= (3) 


31. The bond dissociation energy of A—B bond, 
D,_ 18 given by: 


(A) Dag= (1-4) 
(B) Dyg= 5 (1-4 


(©) Dyg= = [-1) 


n 
(D) D, 3 = - 


Telegram @unacademypl 


32. In diamond each C atoms are sp* hybridized 
and each C atom is attached with four other 
C atoms. The C-C single bond energy is 
350 kJ mol”. Therefore enthalpy of atomiza- 
tion of diamond is 


(A) 700 kJ mol! 
(C) 175 kJ mol" 


(B) 350 kJ mol" 
(D) 1050 kJ mol! 


33. When there is no bond between atoms of ele- 
ment A and B (when atoms of A and B are at 
co distance), then the potential energy is con- 


side red 

(A) minimum. (B) zero. 

(C) non-zero. (D) cannot be 
predicted. 


Paragraph II 


You are given four cations, A*, B*, C* and D*. The 
radius of the cations is as follows 


Cation Radius (A) 
At 0.6 

Bo 1.20 

c* 0.50 

if a 0.80 


34. Basic oxide among the following is 


(A) A,O (B) BO 

(C) D,O, (D) All of these 
35. Amphoteric oxide among the following is 

(A) A,O (B) BO 

(C) CO, (D) P.O, 


36. Which of the following ion has maximum value 
of ionic potential (¢)? 


(A) At 
(C) (eau 


(B) B* 
(D) D* 


Matrix-Match Type 


37. Match the compound with the type of bond. 


Column | Column II 

(A) NH,Cl (p) Hydrogen bond 
(B) CuSO,5H,O —_(q) Co-ordinate bond 
(C) HNC (r) Ionic bond 


(D) Liquid H,O, (s) Covalent bond 
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38. Match the pair of species with their identical 
properties. 


Column | Column II 


(A) PCLF, and PCLF, 


(p) Hybridization of 
central atom 


(B) BF, and BCI, (q) Shape of 
molecule/ion 

©) (dipole 

(C) CO, and CN;’ moment) 


(D) C,H, and B,N,H, (s) Total number of 


electrons 


CHEMICAL ENERGETICS 
Single Correct Choice Type 


1. An ideal gas is filled in compartment A of a 
container as shown below. 


A B 
5 mol 5L 
5L 


Compartment B is empty and volume of 
both A and B is 5 L each. Partition between 
A and B compartments are removed sud- 
denly. If pressure of gas in A was initially 4 
atm then work done by gas during expan- 
sion is (Assuming no heat exchange with 
surroundings.) 


(A) 10 atm L 
(C) 0 


2. A perfect gas undergoes a reversible adiabatic 
expansion from 27°C, 200 atm to —183°C and 


10.00 atm. The probable molecularity of the 


(B) 40 atm L 
(D) 20 atm L 


gas is [ Given In “ =1.2 and In 20= 2.9) 
(A) 1 (B) 2 
(C) 3 (D) 4 
3. Lattice enthalpy of NaCl is 
{Given: A,H° (NaCl) = -410.87 kJ mol’; 
Ionization enthalpy of Na = 495.8 kJ mol"; 


Electron gain enthalpy of Cl = 365.26 kJ mol"; 
A.» of Na = 31757 kJ mol"; A,,,, of CL(g) = 


sub 


241.84 kJ mol '} 
(A) 979.9 kJ mol! 
(C) 9.799 kJ mol? 


(B) 9799 kI mol! 
(D) 9799 kJ mol? 


4. 


5. 


A 0.138 g sample of Mg (molar mass = 
24.3 g mol’) is burnt in a constant volume 
bomb calorimeter that has a heat capacity of 
1.77 kJ °C"'. Calorimeter contains 300 mL of 
water (density 1 g mL”) and its temperature is 
raised by 1.126°C. Enthalpy of combustion of 
Mg is 

(A) - 599.60 kJ mol™ 
(C) — 350.94 kJ mol 


(B) 599.60 kJ molt 
(D) 350.94 kJ mol 


Given: 

HCl(g) + 40 H,O(1) > HC1(40 H,O); 

A.H =- 73 kJ mol! 

HCl(g) + 200 H,O(1) — HC1(200 H,O); 

A,H =-74kJ mol 

From the above data integral enthalpy of dilu- 
tion of HC1(40 H,O) into HC1(200 H,O) is, 


(A) -74kJ mol™ (B) -73 kJ mol" 
(C) -1kJ mol (D) +1 kJ mol 


An engine operates in a Carnot cycle and 
absorbs 3 kJ heat at 400 K. If the engine 
evolves some heat at 300 K in each cycle, then 
work done by engine in one cycle is 


(A) -0.75 kJ (B) 5.25 kJ 
(C) +0.75 kJ (D) -5.25 kJ 


AS for 3 moles of a diatomic ideal gas which is 
heated and compressed from 298 K and 1 bar 
to 398 K and 5 bar is 


7 398 


(Given: C, ,, = — R;lIn — =0.29;In 5 = 1.61) 
2 298 


p,m 
(A) -14.84J K* 
ic) 4077 K" 


(B) +14.84J K" 
(D) +4.97 J K" 


Which among the following do not have zero 
entropy at absolute zero temperature (0 K)? 


(A) CO (B) NO 

(C) H, (D) All 

An ideal gas expands in an isothermal revers- 
ible process. Gas is filled in a cylinder fitted 
with a movable piston of 20 cm diameter. If 
initial and final volumes of gas are 1 L and 16 L, 
then find out the distance travelled by piston 


(in cm) when one-fourth of the work has been 
done during expansion. 


(A) 5/z 
(C) a/5 


(B) 10/z 
(D) 20 
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10. An ideal monoatomic gas undergoes a volume w be the work done by the system on the gas. 
change as shown in the figure below. Identify which of the following statements is 
ie A B not true for AU? 
(A) AU is the least in the adiabatic expansion. 
p 
f (B) AU is the greatest in the adiabatic 
expansion. 
(atm) 2}------. D ‘ ; ; 
; : ©: (C) AU is the greatest under isobaric process. 
eoanete dec E 
P32 (D) AU in isothermal process lies in-between 
2.05.27 8.0 the values obtained under isobaric and 
WL) —> adiabatic process. 


16. Which of the following statements is true 


w ‘ 
Value of AB is : ; Nae ‘ 
regarding reversible adiabatic expansion of an 


Wace 


i 9 
[Given: 5/3 log 2 = log 3.2 log 5.27 = log 16.] ideal gas? | | | | 
Give your answer in the form of nearest integer. (A) Plot of T vs. V is a straight line with slope 
(A) 1 (B) 2 equal to 7. 
(C) 3 (D) 4 (B) Plot of InT vs. InV is a straight line with 


slope equal to 7. 


(C) Plot of InT vs. InV is a straight line with 
slope equal to -/7. 


11. A solution of 500 mL of 0.2 M KOH and 500 
mL of 0.2 M HCl is mixed and stirred; the 
rise in temperature is 7,. The experiment is 


repeated using 250 mL of each of the solution, (D) Plot of InT vs. InV is a straight line with 
the temperature raised is T,. Which of the fol- slope (1 -7). 

lowing is true? 

(A) T,=T, (B) T,=2T, Multiple Correct Choice Type 

(C) 7,=4T, (D) T,=9T, 


17. In which of the following process, entropy 
12. For the reaction increases? 


X,O, (1) —> 2X0, (g); AE = 2.1 keal, AS = 20 
cal K” at 300 K. Hence AG is 


(A) 2.7 kcal (B) -2.7 kcal 
(C) 9.3 kcal (D) -9.3 kcal 


(A) Rusting of iron. 
(B) Vaporization of camphor. 
(C) Crystallization of sugar from syrup. 


(D) Atomization of dihydrogen. 
13. Which of the following processes proceed 


towards more disordered state? 


I. Stretching the rubber 
Il. Sublimation of dry ice 
II. Crystallization of salt from its solution 


18. Which of the following statements is/are 
correct? 


(A) Absolute value of internal energy cannot 
be determined. 


IV. Dissolution of sugar (B) Absolute value of heat content can be 
(A) LILIV (B) I, III determined. 
(C) IU, IV (D) II, IV (C) Absolute value of entropy can be 
14. The following reaction occurs at 25°C deveommsed: 
2NO (g, 1 x 10% atm) + Cl, (g, 1 x 107 atm) (D) All the three U, H and S are extensive 
= 2NOCI (g, 1% 107 atm) properties. 
AG? for the reaction is 19. The criteria for spontaneity of a process is/are 
(A) -45.65 kJ (B) -28.53 kJ (A) (dG), <0 (B) (dU),,<0 
(C) -22.82 kJ (D) -5706 kJ (C) (dH), <0 (D) (dS), < 0 


15. An ideal gas expands from volume V, to V,. 20. Substances which have zero A,H? is/are 
This may be achieved by any of the three pro- : ; 
cesses: isobaric, isothermal and adiabatic. Let (A) C(s, graphite) (B) C (s, diamond) 


AU be the change in internal.enexgy,of thengasnacaddi)pPdsi whites (D) Br, (gas) 


21. 


22. 


23. 


Two moles of a monoatomic ideal gas (C, 

= 1.5R) initially at 400 K in an isolated, 1.0 L, 

container with piston is allowed to expand 

against a constant pressure of a 1.0 atm till 

the final volume reaches to 10 L. Which of 

the following conclusions regarding the above 

changes(s) is (are) true? 

(A) The final temperature of the gas is 363 K 
(approx). 

(B) If the same process were carried out to 
the same final volume but under revers- 


ible conditions, final temperature would 
have been less than 363 K. 


(C) In the above process, the initial and final 
temperatures and volumes are related as 


ey 


(D) Entropy change of a system (AS,,....,) is 
zero. 
Which of the following thermodynamic 


relation(s) is (are) correct? 

(A) Ina cyclic process, pds =0 (at constant p) 
(B) AG=- TAS, iy 

0 

(D) AG=AG°+ RTInQ 

According to second law of thermodynamics 


(A) heat cannot flow spontaneously from a 
reservoir at lower temperature to a reser- 
voir at higher temperature. 


(B) all spontaneous processes lead to increase 
in entropy of the universe. 


(C) melting of a solid increases entropy, there- 
fore it is a spontaneous process. 


(D) processes in which AS,,, > 0 are spontaneous. 


Assertion-Reasoning Type 


Choose the correct option from the following: 


(A) Statement 1 and Statement 2 are True, 
Statement 2 is the correct explanation of 
the Statement 1. 


(B) Statement 1 and Statement 2 are True, 
Statement 2 is NOT a correct explanation 
of the Statement 1. 


(C) Statement 1 is True, Statement 2 is False. 


24. 


25. 


26. 


27. 
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Statement 1: A precipitation reaction always 
decreases randomness, hence decreases entropy 
of the system and therefore is non-spontaneous. 
Statement 2: Spontaneity is related to entropy 
change of universe. 


Statement 1: Chemical equation, 

H* (aq) + OH (aq) —> H,O(1); AH =- x kJ 
represents enthalpy of formation of water. 
Statement 2: AH, citratization OL Strong acid-strong 


base is never constant. 


Statement 1: No heat engine has an efficiency 
of 100%. 

Statement 2: Complete conversion of heat into 
work is not possible. 


Statement 1: A,G° (graphite) = 0 


Statement 2: For free elements in their stan- 
dard state, A,;G° may not be taken as zero. 


Comprehension Type 


Paragraph | 


Assume perfect gas behavior in the following iso- 
therm (T= 313). 


28. 


29. 


30. 


0.50 
V(L) —~> 


10 


Number of moles of gas in this system at the 
start is 


(A) 0.39 (B) 0.17 

(C) 0.78 (D) 0.34 

Work done on the gas along the path DAC is 
(A) 0.96 kJ (B) +3.0 kJ 

(C) -5.0kJ (D) +7.1 kJ 

AU for path ACB is 

(A) 19.7 kJ (B) zero 

(C) 51.2kJ (D) 3.0 kJ 


Paragraph II 


The second law of thermodynamics is a fundamen- 
tal law of science. In this problem, we consider the 
thermodynamics of an ideal gas, phase transition 
and chemical equilibrium. 


Five moles of CO, gas expand isothermally 


(D) Statement 1 is False, Statemens 2-is Te, nadimthermalcontactiwith surrounding temperature 
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= 15°C) against a fixed external pressure of 1.00 bar. 
The initial and final volume of gas is 10.0 L and 30.0 
L respectively. 


31. 


32. 


33. 


Assuming CO, to be an ideal gas, AS... is 
(A) 274J K™ mol (B) 9.1JK™ mol 
(C) -274J3K'mol! (D) -9.15 JK mol" 


If the expansion of gas takes place reversibly 
then AS,,, would have been 


(A) 19.823 K7 (B) 45.66 J K7 


(C) 84.21] K" (D) 91 JK" 
AS curr 1S 

(A) -274J K" (B) 6.943 K" 
(C) 0.00J K* (D) -6.94J K 


Matrix-Match Type 


34. 


35. 


Match the process with the change in thermo- 
dynamic quantity. 
Column | Column II 
(A) Melting of solids at nor- (p) AS,,,, =0 
mal melting points 
(B) Effusing of a gas from (q) AG=0 


gas cylinder 
(C) Freezing of water at0°C (r) AS, >0 
and 1.0 atm : 


(D) Vaporization of H,O at 
373 K and 0.90 atm 


(s) AS curr < 0 


Match the thermodynamic quantity with its 
expression. 


Column | Column Il 
aT dV 
(A) dU (p) eet ae 
(B) dH (q) Vdp + SdT 
(C) dS (1 mol) (rt) dq + Vdp 
(D) dG (s) dp — pdV 
SOLUTIONS 


Single Correct Choice Type 


1. 


Observe the given pT phase diagram for a 
given substance A. Then melting point of A(s), 
boiling point of A(1), critical point of A and 
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triple point of A (at their respective pressures) 
are respectively 


Vapor To 


(A) te ie T,, T, 
(C) T;, Ty T,, T, 


(B) qT, i Ly T, 
(D) Iss i ts T, 


The solubility of N,(g) in water exposed to 
the atmosphere, when the partial pressure is 
593 mm, is 5.3 x 10* M. Its solubility at 760 mm 
and at the same temperature is 


(A) 41x 107M (B) 6.8 x 10*M 
(C) 1500M (D) 2400 M 


The plot of 1/x, versus 1/y, (where x, and y, 
are the mole fractions of A in liquid and vapor 
phases respectively) is linear whose slope and 
intercept respectively are given as 

(A) PalPs» (Pa - Pa)Ps 

(B) pslPs> (Pp - Pa)/Ps 

(C) Pps» (Pa — Pa )Ps 

(D) Ppp» (PR - Pa)/Pp 

At 323 K, the vapor pressure in mm of Hg of 


a methanol-ethanol solution is represented by 
the equation 


p = 120x, + 140 
where x, is the mole fraction of methanol. 


Then the value of lim Pa is 


xXx, Xa 
(A) 120mm (B) 140 mm 
(C) 260mm (D) 20 mm 
Choose the correct option. 
119 torr 
© g 
2 A—/| 32 
Bo | 88 
as as 
SS 37 ai 5 2 
RET IF 
>o > 


0.00.2 0.40.6 0.8 1.0 
Mole fraction of benzene 


(A) A represents vapor composition and B 
liquid composition. 

(B) Aas well as B represent liquid composition. 

(C) Both A and B represent vapor composition. 


(D) A represents liquid composition and B 
vapor composition. 
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6. 


10. 


Consider the following graph. Which of the 
following statements is correct? 


x y 
Mole fraction 


(A) A liquid mixture of composition x is in 
equilibrium with a vapor mixture of com- 
position y. 

(B) A liquid mixture of composition y is in 
equilibrium with a vapor mixture of com- 


position x. 
(C) x=y" 
(D) y=x° 


Water and chlorobenzene are immiscible 
liquids. Their mixture boils at 90°C under a 
reduced pressure of 9.58 x 10* Pa. The vapor 
pressure of pure water at 90°C is 703 x 10° Pa 
and molecular weight of chlorobenzene is 
112.5. On what percent basis, chlorobenzene in 
the distillate is equal to 


(A) 50 (B) 60 
(C) 70 (D) 80 


. Vapor pressure of C,H, and C,H, mixture 


at 50°C is given by p (mm Hg) = 180 x, + 90, 
where x, is the mole fraction of C,H,. A solu- 
tion is prepared by mixing 936 g benzene and 
736 g toluene and if vapors over this solution 
are removed and condensed into liquid and 
again brought to the temperature 50°C, what 
would be mole fraction of C,H, in the vapor 
state. (At. wt. of C=12,H=1). 


(A) y’, = 0.932 (B) y’, =0.72 
(C) y’,=0.37 (D) y’, =0.42 


. Calculate the ebullioscopic constant for water. 


The heat of vaporization is 40.685 kJ mol. 


(A) 0.512Kkgmol' (B) 186K kg mol" 
(C) 5.12K kg mol (D) 3.56 K kg mol 


The phase diagrams for a pure solvent (repre- 
sented by the solid line) and a corresponding 
solution (containing a nonvolatile solute and rep- 
resented by the dashed lines) are shown below. 


=a 
Pressure 53 


Temperature 
7 hitps://telegram.me/unacademyplusdiséaatrésstion 


11. 


13. 
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Choose the correct option among the following. 


(A) A=AT,m and B = AT,m 
(B) A=AT,mand B= AT,m 
(C) A=AT,and B =AT, 
(D) A=AT, and B = AT, 


where 7,, 7, and m stand for freezing point tem- 
perature, boiling point temperature and molality. 


Solute A is a ternary electrolyte and solute B is 
a non-electrolyte. If 0.1 M solution of solute B 
produces an osmotic pressure of 2p, then 0.05 M 
solution of A at the same temperature will pro- 
duce an osmotic pressure equal to 


(A) 15p (B) 2p 
(C) 3p (D) p 


. Study the following figure, and choose the 


correct option. 


NaCl | BaCly 
solution _' solution 


Semipermeable 
membrane 


(A) There will be no movement of any solu- 
tion across the membrane. 

(B) Solvent of BaCl, will flow towards the 
NaCl solution. 

(C) NaCl will flow towards the BaCl, solution. 

(D) The osmotic pressure of 0.1 M NaCl is 
higher than the osmotic pressure of 0.05 M 
BaCl,, assuming complete dissociation of 
the electrolyte. 


Given below is the p vs. x curve for a non- 
ideal liquid mixture. Identify the correct T vs. x 
curve for the same mixture. 


= 


oD 

=E 

= 800 
E 600 
@ 

2 400 
w 

& 200} 1 
(al 


0 0.20.4 0.60.8 1.0 
Mole fraction 


(A) 


Boiling point 


0 0.20.4 0.6 0.8 1.0 
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(B) 

= 

{o} 

[ok 

o 

‘= 

so 

a 

0 0.20.4 0.6 0.8 1.0 
Mole fraction 

(C) 

= 

[o) 

[ok 

oO 

= 

oO 

a 

0 0.20.4 0.6 0.8 1.0 
Mole fraction 

(D) 

= 

fo} 

[om 

oH 

£ 

Ke) 

faa) 


0 0.20.4 0.6 0.8 1.0 
Mole fraction 


14. Solubility curves of four ionic salts X, Y, Z, W 
are given below. 


v2 


Solubility Y 
gL 
Xx 


F 


In which case the value of A. .H < 0? 


(A) X (B) Y 
Zz 


(D) W 

15. Three solutions are prepared by adding w g of 
A into 1 kg of water, w g of B into another 1 kg 
of water and w g of C in another 1 kg of water 
(A, B, C are non-electrolytic). Dry air is passed 
from these solutions in sequence (A > B > 
C). The loss in weight of solution A was found 
to be 2 g while solution B gained 0.5 g and 
solution C lost 1 g. Then the relation between 
molar masses of A, B and Cis 


(A) M,:M,:M.=4:3:5 
(B) M,:M,:M.= 
(C) Me>M,>M, 
(D) M,>M,>M. 


es 
s 


Ale 
Wile 


16. Ba, CN” and Co* form an ionic complex. 
If this complex is 75% ionized in aqueous 
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solution with van’t Hoff factor (i) equal to four 
and paramagnetic moment is found to be 1.73 
BM (due to spin only), then the hybridization 
state of Co (II) in the complex will be 


(A) sp°d (B) dsp 
(C) sp°d’ (D) dsp’ 


17. A sample of air is saturated with benzene 
(vapor pressure = 100 mm of Hg at 298 K) at 
298 K, 750 mm of Hg pressure. If it is isother- 
mally compressed to one third of its initial vol- 
ume, the final pressure of the system is 


(A) 2250 torr (B) 2150 torr 
(C) 2050 torr (D) 1950 torr 


18. Consider equivocal aqueous solutions of 
NaHSO, and NaCl with AT, and AT; as their 
respective boiling point elevations. The value 

_ AT, 
of lim —~ will be 
b 
(A) 1 
(C) 3.5 


(B) 15 
(D) 3 


Multiple Correct Choice Type 


19. Consider the following vapor-pressure compo- 
sition graph. SP is equal to 


Total vapor pressure 


Pp 


0.0 0.2 0.4 0.6 0.8 1.0 
XB 


(A) PQ+RS (B) PQ+QR+RS 
(C) SR+SQ (D) PQ+OR 


20. For a solution containing non-volatile solute, 
the relative lowering of vapor pressure is 0.2. 
If the solution contains 5 moles in all, which of 
the following statements are true? 


(A) Mole fraction of solute in the solution is 0.2. 

(B) Number of moles of solute in the solution 
is 0.2. 

(C) Number of moles of solvent in the solu- 

tion is 4. 

(D) Mole fraction of solvent is 0.2. 


Ss 


21. Two liquids A and B form an ideal solu- 
tion. The solution has a vapor pressure of 
700 torr at 80°C. It is distilled till two-third of 
the solution is collected as condensate. The 
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composition of the condensate is x), = 0.75 and 
that of the residue is x, = 0.30. If the vapor 
pressure of the residue at 80°C is 600 torr, 
which of the following is/are true? 


(A) The composition of the original liquid was 
x, = 0.6. 
(B) The composition of the original liquid was 
x, = 0.4. 
> _ 2500 
(C) pr= 


(D) p,=500 torr 


torr 


22. For chloroform and acetone or for a solution of 


chloroform and acetone if p [observed (actual)] 
is compared with p, [theoretical (Raoult)], then 
which of the following is/are true? 


(A) p,(actual) < p(Raoult) 
(B) 
(C) 
(D) 


LIMP gcctone - Ps (actual)] = 0 
LIMLP chorotorm Ps (actual)] am 0 


0 ° 
P. acetone a P chloroform near room temperature 


Assertion-Reasoning Type 


Choose the correct option from the following: 


(A) Statement 1 and Statement 2 are True, Statement 
2 is the correct explanation of the Statement 1. 

(B) Statement 1 and Statement 2 are True, 
Statement 2 is NOT a correct explanation of 
the Statement 1. 

(C) Statement 1 is True, Statement 2 is False. 

(D) Statement 1 is False, Statement 2 is True. 


23. Statement 1: Cooking time is reduced in 
pressure cooker. 
Statement 2: Boiling point of water inside the 
pressure cooker is elevated. 


24. Statement 1: When mercuric iodide is added to 
the aqueous solution of KI, the freezing point 
is raised 

Statement 2: HgI, reacts with KI forming com- 


plex ion (HgI,)” 


25. Statement 1: When a cell is placed in hyper- 
tonic solution, it shrinks. 
Statement 2: Reverse osmosis is used for desal- 


ination of water. 


26. Statement 1: When a mL of a 0.1 molal urea 
solution is mixed with another b mL of 0.1 
molal glucose solution, the boiling point of the 
solution is no different from the boiling points 


of the samples prior to mixing however, if a 


Telegram @unacademyplusdis 


Appendix A | Chapter-wise Tests 


mL of 0.1 molal urea is mixed with b mL of 
0.1 molal HF the boiling point of the mixture 
is different from the boiling points of the sepa- 
rate samples. 

Statement 2: HF is an electrolyte (weak) whereas 
glucose is a non-electrolyte. 


Comprehension Type 


Paragraph | 


According to Raoult’s law, partial pressure of any 
volatile constituent of a solution at a constant tem- 
perature is equal to the vapor pressure of pure 
constituent multiplied by mole fraction of that con- 
stituent in the solution. 

This law is the major deciding factor whether 
a solution will be ideal or non-ideal. Ideal solu- 
tion always obeys Raoult’s law at every range of 
concentration. 

A liquid mixture of benzene and toluene is 
composed of 1 mol of benzene and 1 mol of tolu- 
ene. Benzene and toluene mixture behave ide- 
ally. Given p? = 4.274 kN m™; p? = 13.734 kN m® 
where subscript t and b stands for toluene and ben- 
zene respectively. 


27. If the pressure over mixture at 300 K is reduced, 
at what pressure does the first vapor form? 


A) 18.008 kNm7 B) 9.004 kNm7 
(A) 
(C) 13.05 kNm? (D) 3.003 kNm~ 


28. What is the composition of first trace of vapor 


formed in terms of mole-fraction of toluene? 


(A) 0.2373 (B) 0.7627 
(C) 0.333 (D) 0.67 


29. If the pressure is further reduced, at what pres- 


sure does last trace of liquid disappear? 


(A) 9.004 KN m2? (B) 6.519 kN m2 
(C) 3.03 kN m~ (D) None of these 


30. What will be the mole fraction of toluene in 
last trace of liquid? 
(A) 0.2373 (B) 0.7627 
(C) 0.333 (D) 0.67 

Paragraph II 


Consider two liquids B and C that form an ideal 
solution. We hold the temperature fixed at some 
value T that is above the freezing points of B and C. 
We shall plot the system’s pressure p and against x, 
the overall mole fraction of B in the system: 
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1 v 
an, 113 (total) _ ng +N, 
xB = — = 


v 1 1 1 
Neotal ng + ng + Nc + ng 


where nj, and nj}, are the number of moles of B 
in the liquid and vapor phases, respectively. For a 
close system Xp, is fixed, although nj, and nj} may 
vary. 

Let the system be enclosed in a cylinder fitted 
with a piston and immersed in a constant-temper- 
ature bath. To see what the p vs. x, phase diagram 
looks like, let us initially set the external pressure 
on the piston high enough for the system to be 
entirely liquid (point A in below figure). As the 
pressure is lowered below that at A, the system 
eventually reaches a pressure where the liquid just 
begins to vaporize (point D). At point D, the liquid 
has composition xj, where x}, at D is equal to the 
overall mole fraction x, since only an infinitesimal 
amount of liquid has vaporized. What is the com- 
position of the first vapor that comes off? Raoult’s 
law p, =x,p? relates the vapor phase mole frac- 
tions to the liquid composition as follows: 


(a) o.50) 
¢ 28 gad gf =e (1) 
P 


where p, and pe are the vapor pressures of pure B 

and pure C at T, the system’s pressure p equals the 
1 

: nN 

sum p, + Pc of the partial pressures, x}, = + 

Ng + Nc 

and the vapor is assumed ideal. 


p| Ag (Only liquid) 
D® (First vapor appears) 


System 


Last liquid vaporizes 
Constant temperature ae q P ) 


bath 0 Xp 1 
(Mole fraction of B) 


y Tess 5G, 
i ES Ideal solution (2) 
Xo XcPc 


Let B be the more volatile component, mean- 
ing that p3 > pe. Above equation then shows that 
x}/xi, >x}/c).. The vapor above an ideal solution is 
richer than the liquid in the more volatile compo- 
nent. Equations (1) and (2) apply at any pressure 
where liquid vapor equilibrium exists, not just at 
point D. 

Now let us isothermally lower the pressure 
below point D, causing more liquid to vaporize. 
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Eventually, we reach point F in figure, where the 
last drop of liquid vaporizes. Below F, we have only 
vapor. For any point or the line between D and F 
liquid and vapor phases coexist in equilibrium. 


31. If the above process is repeated for all other 
compositions of mixture of C and B. If all the 
points where vapors start converting into liq- 
uid are connected and all the points where 
vapors get completely converted into liquid are 
connected then obtained graph will look like. 


(A) 

(B) Ap 
(C) Ap 
A liquid (I) p° 
B 

P eo) 

Po vapor (0) 
(D) As 
liquid (I) PS 

vapor (3) 


oMole fraction of B 


32. The equation of the curve obtained by con- 
necting all those points where the vapors of 
above mixture (all mixtures of different com- 
position are taken) just start forming will be 


(A) p= pet(pp-pe)Xp 


(B) p= pe+(pa-Pe)%s 


Po ae 
xp (PC — Pp) + Pp 
(D) p= PpPc 


Xy(Pe— Pa) + Pe 


https://telegram.me/unacademyplusdiscounts 


Matrix-Match Type 


33. Match the Columns I and II using the informa- 
tion given below: 


For an ideal binary liquid solution of A and B, 
P= pure vapor pressure of A, p, = pure vapor 
pressure of B, x, is the mole fraction of A in liquid 
phase and y, = mole fraction of A in vapor phase. 


Column | Column II 
(A) Pa > Pp (P) X= Ya 
(B) Azeotropic mixture (q) X, <a 


(C) Equimolar mixture of (r) x3 < yp 
A and B with pk < p, 


(D) Equimolar mixture of (s) yg>yY~a 
A and B with p{ = ps 


CHEMICAL EQUILIBRIUM 


Single Correct Choice Type 


1. The normal vapor density of PCI, is 104.25. Its 
vapor density at 250°C when it is 80% dissoci- 


ated is 
(A) 52 (B) 579 
(C) 86 (D) 120 


2. For the equilibrium 


SrCl,- 6H,O(s) —— SrCl,-2H,O(s) + 4H,O(g) 
the equilibrium constant K, = 16 x 10° atm’ 
at 1°C. If one liter of air saturated with water 
vapor at 1°C is exposed to a large quantity of 
SrCl,-2H,O(s), what weight of water vapor 
will be absorbed? Saturated vapor pressure of 
water at 1°C = 76 torr. 


(A) 6g (B) 6.4 mg 
(C) 2.3¢g (D) 85g 


3. A 10 L box contains O, and O, at equilibrium 
at 2000 K. For 20,(g) == 30,(g) K, = 4 x 
10" atm’. Assume that po, > po, and if total 
pressure is 8 atm, then partial pressure of O, 
will be 


(A) 8x 10° atm (B) 11.3 x 107 atm 
(C) 9.71 x 10° atm (D) 9.71 x 107 atm 


4. Nitrogen gas was injected into an equilibrium 
mixture of 2SO,(g) —— = 2SO,(g) + O,(g). The 
pressure is increased from 1.0 atm to 10 atm. 
Which of the following statements is correct? 
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(A) The concentration of the reacting gases is 
unchanged. 

(B) [SO,] increases. 

(C) [SO,] increases. 

(D) [O,] increases. 


Variation of log,,K with 1/T is shown by the 
following graph in which straight line is at 45°. 
Hence AH is 


A 
logioK fA 


1/T 


(A) +4.606 cal 
(C) 2 cal 


The equilibrium constant for, 

2H,S(g) = —_ 2H,(g) + S,(g) is 0.0118 at 1200 K 
while the heat of dissociation is 5974 kJ. The 
standard equilibrium constant of the reaction 
at 1300 K is 


(A) 1.180 
(B) 11.80 
(C) 118.0 
(D) cannot be calculated from given data 


(B) 4.606 cal 
(D) -2 cal 


When a bottle of cold drink is opened, the gas 
comes out with a fizz due to 


(A) decrease in temperature. 

(B) increase in pressure. 

(C) decrease in pressure suddenly which results 
in decrease of solubility of CO, gas in 
water. 

(D) None of these. 


Some quantity of water is contained in a con- 
tainer as shown in the following figure. As 
neon is added to this system at constant pres- 
sure, the amount of liquid water in the vessel 


Vapor —> 


Water —> 


(A) increases. 

(B) decreases. 

(C) remains same. 

(D) changes unpredictably. 


If B,, B, and B, are stepwise formation con- 
stants of MCI, MCL, MCI, and K is the overall 
formation constant of MCL,, then 


(A) K=B,+ B,+ B, 
1 1 1 1 


B =—+—+ 
niipeditelegranemaruiaeadeniy cine dia luis B, 
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10. 


11. 


12. 


13. 


14. 


15. 


(C) log K =log B, + log B, + log B, 
(D) pK = log B, + log B, + log B, 


At a temperature 7, a compound AB,(g) dis- 
sociates as 2AB,(g) —— A,(g) + 4B,(g) with 
a degree of dissociation x, which is small com- 
pared with unity. The expression of K, in terms 
of x and total pressure p is 


(A) 8p*x° (B) 256 px 
(C) 4px (D) None of these 
In a system A(s) —— 2B(g) + 3C(g), if the 


concentration of C at equilibrium is increased 
by a factor of 2, it will cause the equilibrium 
concentration of B to change to 


(A) two times the original value. 
(B) one half of its original value. 


(C) 


V2 


i ae 
a) times. 
In an aqueous solution of volume 500 mL, 
when the reaction 2Ag* + Cu = Cu™ + 2Ag 
reached equilibrium, the [Cu] was x M. When 
500 mL of water is further added, at the equi- 
librium [Cu”'] will be 


(A) 2xM 

(B) xM 

(C) between xM and x/2 M 
(D) less then x/2 M 


One mole of mixture of N,, NO, and N,O, 
has a mean molar mass of 55.4. On heating 
to a temperature at which all the N,O, may 
be presumed to have dissociated: N,O, == 
2NO,, the mean molar mass tends to the 
lower value of 39.6. What is the mole ratio of 


N,: NO,:N,O, in the original mixture? 


times its original value. 


(D) 


(A) 0.5:0.1:0.4 (B) 0.6:0.1:03 
(C) 05:02:03 (D) 0.6:0.2:0.2 
For the reaction: 2HI(g) ——  _H,(g) + L(g), 


the degree of dissociation (a) of HI(g) is related 
to equilibrium constant K, by the expression 


142K 142K 
o— (2) 
2 2 
2K, 2/K, 
(©) [5 (D) 
+2K, 1e2JK 
Densities of diamond and graphite are 3.5 and 


2.3¢mL"' 
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C(diamond) —— C(graphite); 
A.H = -1.9 kJ mol" 


favorable conditions for formation of diamond 
are 


(A) high pressure and low temperature. 
(B) low pressure and high temperature. 
(C) high pressure and high temperature. 
(D) low pressure and low temperature. 


Multiple Correct Choice Type 


16. 


17. 


18. 


An industrial fuel, water gas, which consists of 
a mixture of H, and CO can be made by pass- 
ing steam over red-hot carbon. The reaction is 
C(s) + H,O(g) == CO(g) + H,(g) 

AH = +131 kJ 


The yield of CO and H, at equilibrium would 
be shifted to the product side by 


(A) raising the relative pressure of the steam. 
(B) adding hot carbon. 

(C) raising the temperature. 

(D) reducing the volume of the system. 


Which of the following do not change the 
value of K for a reaction? 


(A) Addition of catalyst. 

(B) Increase in temperature. 

(C) Increase in pressure. 

(D) Removal of one of the products. 


Phase diagram of CO, is shown in the follow- 
ing figure. 


298 304 
T(K) 


Based on the above, identify the correct 
statement(s). 


(A) 298 K is the normal boiling point of liquid 
CO,. 
(B) At 1 atm and 190 K, CO, will exist as gas. 
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(C) CO,(s) will sublime above 195 K under 
normal atmospheric pressure. 

(D) Melting point and boiling point of CO, 
will increase on increasing pressure. 


Assertion-Reasoning Type 


Choose the correct option from the following: 


(A) Statement 1 and Statement 2 are True, Statement 
2 is the correct explanation of the Statement 1. 

(B) Statement 1 and Statement 2 are True, 
Statement 2 is NOT a correct explanation of 
the Statement 1. 

(C) Statement 1 is True, Statement 2 is False. 

(D) Statement 1 is False, Statement 2 is True. 


19. Statement 1: The effect of temperature on 
equilibrium constant is given by van’t Hoff’’s 
equation. 

Statement 2: Hoff’s 


K,_ AH° [T,-T, 
K, 2.303R| 7,7, 


van't equation is 


log 


20. Statement 1: The value of K increases when 
concentration of the reactants is increased. 
Statement 2: With increase in concentration 
of reactants, the equilibrium shifts in forward 
direction. 


21. Statement 1: For a reaction, concentration 
quotient Q is equal to K when the reaction is 
in equilibrium. 

Statement 2: If a catalyst is added to the reac- 
tion at equilibrium, the value of Q, not equal 
to Ke. 


Comprehension Type 


Paragraph | 


When a reversible reaction is carried out in a 
closed vessel, a stage is reached when the forward 
and the backward reactions proceed with the same 
rate. This stage is known as chemical equilibrium. 
Following are the equilibriums at 0°C. 


SrCl,- 6H,O(s) = — SrCl,- 2H,O(s) + 4H,O(g); 
K,= 16x10" 

Na,HPO,- 12H,O(s) == Na,HPO,-7H,O(s) + 
5H,O(g); K, = 2.43 x 10° 

Na,SO,- 10H,O(s) = Na,SO,(s) + 10H,O(g); 
K, =10 


The vapor pressure of water at 0°C is 4.58 torr. 
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22. Which is most effective drying agent at 0°C? 


(A) SrCl,-2H,O(s) 

(B) Na,HPO, - 7H,O(s) 
(C) Na,SO,(s) 

(D) All equally 


23. Na,SO,:10H,O(s) will be efflorescent when 
exposed to the air at 0°C at 


(A) pressure below 0.76 torr. 
(B) pressure above 0.76 torr. 
(C) pressure above 4.58 torr. 
(D) pressure equal to 0.76 torr. 


24. At what relative humidity will Na,SO, be deli- 
quescent (absorb moisture) when exposed to 
the air at 0°C? 


(A) Below 16.59% 
(C) Above 39.5% 


(B) Above 16.59% 
(D) Below 39.5% 


Paragraph II 


The equilibrium state gets affected if temperature, 
pressure or concentration is changed. This was 
studied by Le Chatelier in 1885. According to this 
principle, “at equilibrium, the change in tempera- 
ture, pressure or concentration will shift the equi- 
librium towards the direction where the effect of 
the change gets neutralized.” 

If temperature is increased at equilibrium, the 
equilibrium will be shifted towards the direction 
where effect of temperature will be neutralized 
that is, where heat is absorbed. Backward reaction 
is endothermic, thus equilibrium will shift towards 
the direction, so that heat is absorbed. 

On increasing the pressure, equilibrium will shift 
towards the direction where volume is decreased. 

Concentration of product will increase to neu- 
tralize the effect of adding reactant in an equilib- 
rium reaction, that is, equilibrium will shift towards 
forward direction. 


25. In a reversible reaction K, > K, and AH = + 40 
kcal. The product will be obtained in less 
amount on 


(A) decreasing pressure and temperature. 
(B) increasing pressure and temperature. 


(C) decreasing pressure and __ increasing 
temperature. 

(D) decreasing temperature and increasing 
pressure. 


26. Which of the following factors will be favor- 
able for higher yields of NO in the reaction 
given below? 
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N, + O, == 2NO(g) (AH = +ve) 


(A) Low temperature, high pressure and high 
concentration of N, and O,. 

(B) High temperature, and high concentra- 
tions of N, and O,. The reaction remains 
unaffected by pressure. 

(C) High temperature, low pressure and low 
concentration of N, and O,. 

(D) Low temperature, low pressure and high 
concentration of N, and O,. 


27. Which of the following conditions should be 
more favorable for increasing the rate of for- 
ward reaction in the equilibrium given below? 


H, —— H+H 
(A) 2000°C temperature and 760 mm pressure. 
(B) 3500°C temperature and 100 cm pressure. 


(C) 3500°C temperature 1 mm pressure. 
(D) None of the above. 


Matrix-Match Type 


28. Match the reaction with the parameter which 
changes to shift the direction of equilibrium. 


Column | Column II 

(A) N,(g) + 3H,(g) (p) Pressure 
= 2NH\g) 

(B) H,(g) + L(g) (q) Temperature 
== 2H Ig) 

(C) H,0() == (r) Volume 
H,O(g) 

(D)H,O(s) == (s) Addition of inert 
H,O(1) gas at constant p 


29. Match the reaction with the characteristic of 
chemical equilibrium. 


Column | Column II 
(A) CaCO,(s) == (p) K, does not exist 
CaO(s) + CO,(g) 


(B) CH,COOC,H.(aq) 
+H,O == 


CH,COOH(aq) + 


(q) Homogeneous 
equilibrium 


C,H;,OH(aq) 
(C) H,(g) + CL(g) (r) Heterogeneous 
== 2HCl(g) equilibrium 
(D) A(aq) + Bis) (s) K,=Ke 


—— C(g) + Dig) 
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IONIC EQUILIBRIUM 
Single Correct Choice Type 


1. Choose the incorrect statement 


(A) In water, all the strong acids are equally 
strong so water is called levelling solvent. 

(B) H,BO, is a Lewis acid. 

(C) H,BO, is an Arrhenius acid. 

(D) Due to high charge density, H* ion in 
water is extremely hydrated in the form of 
H,0*, H,O3, H,O3. 


2. pOH of H,O is 70 at 298 K. If water is heated 
at 350 K, then, which of the following state- 
ment should be true? 


(A) pOH will decrease. 

(B) pOH will increase. 

(C) pOH will remain 70. 

(D) Concentration of H” ions will increase but 
that of OH’ will decrease. 


3. Calculate [S*] in 0.1 M HSS solution. (Given: 
K,,=107 and K,,=10™) 
(A) 107 (B) 10“ 
(C) 2x10“ (D) 10” 

4. Calculate pH of a solution obtained by mix- 


ing equal volumes of 0.02 M HOCI and 0.2 M 
CH,COOH solution. (Given: Koc) = 2*10%, 


K,(cu,coon) =2x 10°) 
(A) 2.7 (B) 3.7 
(C) 2.4 (D) 3.5 


5. pH of a solution containing 0.1 M HCl and 
0.001 M CH,COOH (Given: K, = 2 x 10°) is 


(A) 1 (B) 2 
(C) 3 (D) 1.5 
6. Calculate pH of 10°M Ba(Lac),. (Given: 
K a ciacticacid) - 10°) 
(A) 8.15 (B) 8.56 
(C) 8.23 (D) 9.4 


7. What is the pH of 0.1 M NaHCO,, if K, = 4.5 x 
10, K, = 4.5 x 10" for carbonic acids? (Given: 
log 2 = 0.3, log 3 = 0.48) 


(A) 8.34 
(Cj 82 


(B) 8.6 
(D) 8.9 
8. Calculate buffer capacity of 1 L of a mixture 


of 0.1 M CH,COOH and 0.1 M CH,COONa. 
(Given: PK .cx,coon) = 4.74) 


(A) 2.303 x 0.05 (B) 0.1 x 2.303 
(C) 1 x 2.303 (D) None of these 
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9. 


10. 


11. 


13. 


14. 


15. 


From a weak acid of pK, = 6, the pH range of 
practically possible buffer solution is 


(A) 5to7 (B) 6to8 
(C) 5to6 (D) 6to7 
What fraction of an indicator Hln is in the 


basic form at a pH of 6 if the pK, of the indica- 
tor is 5? 


1 1 
A) = Bi: — 
(A) 5 (B) = 
10 1 
Cc) — Dy = 
(C) 7 (D) ‘a 
At what minimum concentration of OH 


will 10° mol of Zn(OH), go into solution as 
Zn(OH);, in 1 L solution? 


Given: 
Zn(OH); (aq) == Zn**(aq) + 40H (aq); 
K=10" 

Zn(OH),(s) == Zn**(aq) + 20H (aq); 
K,=10" 
(A) 0316M 
(C) 0.225M 


(B) 0.512 M 
(D) None of these 


. The solubility of silver oxalate in 10° M potas- 


sium oxalate solution is (Given: K. 
= 10") 


sp(Ag,CrO, ) 


(A) 5x 10° (B) 4x 10“ 
(Cc) ax 10" (D) 2x 10° 
Calculate the solubility of AgCl in 2.7 M 


NH, solution. (Given: K,,,)= 10° and K;, 
[Ag(NH,),]" = 1.6 x 10’) 


(A) 0.1 mol L (B) 0.2 mol L" 
(C) 0.01 mol L" (D) None of these 


At 25°C the solubility product of BaCO, is 
1.6x10*(moldm™)* and that of BaSO, is 
9 x 10°’ (mol dm”)’. If pure water is shaken up 
with the pure solids, BaCO, and BaSO, at 25°C 
till equilibrium is reached, what is the concen- 
tration of Ba™ ion in solution in mol dm“? 


(A) 3.9x 107M (B) 13x 107M 
(C) 39x 10°M (D) 13 x 10°M 


Arrange the solubility of AgBr in the given 
solution in increasing order. 


(1) 0.1 M NH, (II) 0.1 M AgNO, 
(II) 0.2MNaBr_ (IV) pure water 


(A) (IID) < (II) < (IV) < (1) 
(B) (II) < (II) < (1) < (IV) 
(C) (ID) < (ID) = (1) < (IV) 
(D) (ID) < (II) < (IV) < (1) 


16. 


17. 


18. 


At what molar concentration of HCI will its 
aqueous solution have an [H*] to which equal 
contributions come from HCl and H,O? 


(A) ¥60 x 107M 
(B) V¥50 x10*M 
(C) V40 x10°M 
(D) ¥30 x10 


A buffer solution is prepared by mix- 
ing a moles of CH,COONa and b moles of 
CH,COOH such that (a + 5) = 1, into water to 
make 1L buffer solution. If the buffer capacity 
of this buffer solution is plotted against moles 
of salt CH,COONa (with a) then the plot 
obtained will be (to the scale) approximately. 


(A) 


Buffer capacity 


0.0 0.2 0.4 0.6 0.8 1.0 


(B) 


Buffer capacity 


0.0 0.2 0.4 0.6 0.8 1.0 


(C) 


Buffer capacity 


0.0 0.2 0.4 0.6 0.8 1.0 


(D) 


o 
NO 
oa 

( 

' 

' 

p 

' 

' 

( 

' 

' 


0.20 4 


0.154 


Buffer capacity 


0.10 --—4—] +>} - 
0.0 0.2 0.4 0.6 0.8 1.0 


The solubility product of Mg(OH), in water 
at 25°C is 2.56 x 10° (mol dm”)? while that of 
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19. 


20. 


21. 


22. 


23. 


24. 


Al(OH), is 4.32 x 10 (mol dm”)’*. If S, and S, 


are the solubilities of Mg(OH), and Al(OH), 
in water in mol dm”~ at 25°C, what is range of 
the ratio, S,/ S,? 


(A) 10° (B) 10* 
(C) 10° (D) 10° 
Which of the following statements is correct 


for a solution saturated with AgCl and AgBr if 
their solubilities in moles per liter in separate 
solutions are x and y respectively? 

(A) [Ag']=x+y 

(B) [Ag] = [Br] + [Cr] 

(C) [Br] =y 

(D) [Cl] >x 


0.2 millimoles of Zn” ion is mixed with (NH,),S 
of molarity 0.02 M. The amount of Zn™ that 
remains unprecipitated in 20 mL of this solution 
would be (Given: K,, of ZnS = 4 x 10) 


(A) 5.2x 10” ¢ 
(B) 2.6x 10” ¢ 
(C) 2x10 
(D) None of these 


Which one of the following is the correct 
expression for the solution containing n num- 
ber of weak acids? 


A) DR]= |S) = [EKG 


(C) [H*]= > RC, (D) None of these 
i=1 


The pH of glycine at the first half equivalence 
point is 2.34 and that at second half equiva- 
lence point is 9.60. At the equivalence point 
(the first inflection point), the pH is 


(A) 3.63 (B) 2.34 
(C) 5.97 (D) 11.94 
30 mL of 0.06 M solution of the protonated 


form of an anion acid methionine (H,A°) is 
treated with 0.09 M NaOH. Calculate pH after 
addition of 20 mL of base. pK,, = 2.28 and 
pK, = 9.2. 


(A) 5.5 (B) 5.74 
(C) 9.5 (D) None 
A sample of water has hardness expressed as 80 


ppm of Ca™*. This sample is passed through an 
ion exchange column and the Ca” is replaced by 
H*. What is the pH of the water after it has been 
so treated? [Atomic mass of Ca = 40] 


(A) 3 (B) 2.7 
(C) 5.4 


Telegram @unacademyplusdiscounts 


Multiple Correct Choice Type 


25. 


26. 


27. 


28. 


29. 


(D) 2.4 ; 
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100 mL of 0.5 M hydrazoic acid (HN;, K, = 
3.6 x 10°) and 400 mL of 0.1 M cyanic acid 
(HOCN, K, = 8 x 10“) are mixed. Which of the 


following is (are) true for the final solution? 


(A) [H*] = 107 

(B) [N;] =3.6 x 10° 

(C) [OCN)] = 4.571 x 10° 
(D) [H*] = 1.4 x 10? 


When 0.1 mol arsenic acid H,AsO, is dissolved 
in 1 L buffer solution of pH = 8, which of the 
following hold good? (Given: K, = 2.5 x 10%, 
K, = 5 x 10°, K, = 2 x 10° for arsenic acid.) 
[< sign denotes that the high concentration is 
at least more than 100 times the lower one] 


(A) [H,AsO,] < [H,AsOj] 
(B) [H,AsO;] < [HAsO] 
(C) [HAsO7] < [H,AsO;] 
(D) [AsO}] < [HAsO7] 


Let the color of the indicator HIn (color- 
less) be visible only when its ionized form 
(pink) is 25% or more in a solution. When HIn 
(pK, = 9.0) is added to a solution of pH = 9.6, 
predict what will happen? (Take log 2 = 0.3) 


(A) Pink color will be visible. 

(B) Pink color will not be visible. 

(C) %age of ionized form will be less than 25%. 

(D) %age of ionized form will be more than 
25%. 


Which of the following mixtures will act as a 
buffer? 


(A) H,CO, + NaOH (1.5: 1 molar ratio) 
(B) H,CO, + NaOH (1.5 :2 molar ratio) 
(C) NH,OH + HCl (5 :4 molar ratio) 
(D) NH,OH + HCl (4:5 molar ratio) 


A weak acid (or base) is titrated against a 
strong base (or acid), volume V of strong base 
(or acid) is plotted against pH of the solution. 
The weak protolyte (i.e. acid or base) could be 


100 50 


100% 


(A) Na,CO, (B) Na,C,O, 
(C) H,C,0, (D) CH,(COOH), 
30. The variation of pH during the titration of 0.5 N 


Na,CO, with 0.5 N HCl is shown in the graph 
in Question 29. The following table indicates 
the color and pH ranges of different indicators: 


Range Color 

of color Colorin in 
Indicator change __ acid base 
Thymol blue 1.2to2.8 Red Yellow 
Bromocresolred 4.2to6.3 Red Yellow 
Bromothymol blue 6.0to76 Yellow Blue 
Cresolphzthalein 8.2 to9.8 Colorless Red 


Based on the graph and the table, which of the 
following statements are true? 


(A) The first equivalence point (EP I) can be 
detected by cresolphthalein. 

(B) The complete neutralization can be detected 
by bromothymol blue. 

(C) The second equivalence point (EP I) can be 
detected by bromocresol red. 

(D) The volume of HCl required for the first 
equivalence point is half the volume of HCl 
required for the second equivalence point. 


31. Which of the following solutions when added 
to 1 L of a 0.1 M CH,COOH solution will 
cause no change in either the degree of dissoci- 
ation of CH,COOH or the pH of the solution? 


K, = 1.8 x 10° for CH,COOH. 


(A) 3mM HCOOH (K, = 6 x10~) 
(B) 0.1M CH,COONa 

(C) 134mM HCl 

(D) 0.1M CH,COOH 


32. Buffer solution A of a weak monoprotic acid 
and its sodium salt in the concentration ratio 
x : y has pH = (pH),. Buffer solution B of the 
same acid and its sodium salt in the concentra- 
tion ratio y :x has pH = (pH).. If (pH), — (pH), 
=lunit and (pH), + (pH), = 9.5 units, then 


(A) pK,=4.75 (B) ~=2.36 
y 


(C) = =3.162 (D) pK, = 5.25 
y 


Assertion-Reasoning Type 
Choose the correct option from the following: 


(A) Statement 1 and Statement 2 are True, Statement 
2 is the correct explanation of the Statement 1. 
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(B) Statement 1 and Statement 2 are True, 
Statement 2 is NOT a correct explanation of 
the Statement 1. 

(C) Statement 1 is True, Statement 2 is False. 

(D) Statement 1 is False, Statement 2 is True. 


33. Statement 1: A solution containing acetic acid 
and sodium acetate in equimolar quantities 
can act as a buffer solution. 

Statement 2: The pH of the above mentioned 
buffer would be equal to pK, of acetic acid. 


34. Statement 1: Aqueous solutions of all strong 
acids contain only the same acid, the hydro- 
nium ion. 

Statement 2: Hydronium ion is the strongest 
acid that can exist in any significant concentra- 


tion in dilute aqueous solution. 


Statement 1: Solubility of BaSO, in 0.1 M 
Na,SO, is 10° M, hence its K,, is 10°”. 
Statement 2: Because for BaSO, K,, = (S)’ 
[symbols have their usual meanings]. 


Jas 


36. Statement 1: It is difficult to distinguish the 
strengths of the strong acids such as HCl, 
H,SO,, HNO,, HBr, HI or HCIO, in dilute 
aqueous solutions. 

Statement 2: In dilute aqueous solution all 
strong acids donate a proton to water and are 
essentially 100% ionized to produce a solution 
containing H,O° ions plus the anions of strong 
acid. 


Comprehension Type 


Paragraph | 


Consider a solution of CH,COONH, which is a 
salt of weak acid and weak base. The equilibrium 
involved in the solution is 


CH,COO + H,O == CH,COOH + OH™ (1) 
NH; + H,O == NH,OH + H* (2) 
H*+OH = — H,O (3) 
If we add these three reactions, then the net reac- 
tion is 
CH,COO + NH; + H,O == CH,COOH + 
NH,OH 


Both CH,COO' and NH; get hydrolyzed indepen- 
dently and their hydrolysis depends on 


(4) 


(i) their initial concentration 
(ii) the value of K, which is ra for CH,COO- 


and for NH; \ 


b 


https://telegram.me/unacademyplusdiscounts 


1043 


counts 


Telegram @unacademyplusdiscounts 


we Appendix A | Chapter-wise Tests 


Since both of the ions were produced from the 
same salt, their initial concentrations are same. 
Therefore unless and until the value of K,,/K, and 
K,,/K, or K, and K, is same, the degree of hydroly- 
sis of ion cannot be the same. 

To explain why, we assume that degree of hydro- 
lysis of cation and anion is the same, we need to 
now look at the third reaction, that is, combination 
of H* and OH ions. It is obvious that this reaction 
happens only because one reaction produced H* 
ion and the other produced OH ions. We can also 
note that this reaction causes both the hydroly- 
sis reaction to occur more since their product ions 
are being consumed. Keep this thing in mind that 
the equilibrium which has smaller value of equi- 
librium constant is affected more by the common 
ion effect. For the same reason if for any reason 
a reaction is made to occur to a greater extent by 
the consumption of any one of the product ion, the 
reaction with the smaller value of equilibrium con- 
stant tends to get affected more. 

Therefore we conclude that firstly the hydro- 
lysis of both the ions occurs more in the presence 
of each other (due to consumption of the product 
ions) than in each other is absence. Secondly the 
hydrolysis of the ion which occurs to a lesser extent 
(due to smaller value of K,,) is affected more than 
the one whose K, is greater. Hence, we can see that 
the degree of hydrolysis of both the ions would be 
close to each other when they are getting hydro- 
lyzed in the presence of each other. 


37. In the hydrolysis of salt of weak acid and weak 
base 


(A) degree of hydrolysis of cation and anion is 
different. 

degree of hydrolysis of cation and anion is 
same. 

degree of hydrolysis of cation and anion is 
different and they can never be assumed 
same. 

degree of hydrolysis of cation and anion 
is different but they are very close to each 
other when they are getting hydrolyzed in 
the presence of each other. 


38. For 0.1 M CH,COONH, salt solution, given, 
Keto = Kiacon= 2 * 107. In this case, 


a 


(B 


wa 


(C 


wa 


(D 


wa 


degree of hydrolysis of cation and anion is 


(A) exactly same. 

(B) slightly different. 

(C) cannot to be determined 

(D) different but can be take approximately 
same. 


39. In a solution of NaHCO,, the amphiprotic 
anion can under ionization to form H* ion and 
hydrolysis to form OH ion. 


ionization 


HCO;+ H,O q=—— CO, + HO 
HCO; + H,O ==> HCO, + OH” 
To calculate pH, suitable approximation is 


(A) [CO] = [H,CO,] 

(B) degree of ionization = degree of hydrolysis 
(C) both (A) and (B) 

(D) neither (A) nor (B) 


Paragraph Il 


When aluminium salts are added to water, Al** 
ions are immediately attracted to the negative end 
of polar water molecules. They form hexaaquaalu- 
minum (III) ions, [Al(H,O),]**. This is often writ- 
ten simply as Al**(aq). However the electric field 
associated with small, highly charged Al” ion is so 
intense that it draws electrons in the O—H bonds 
of water towards itself. This enables the water mol- 
ecules to become donors. In aqueous solution, free 
water molecules act as bases and the following 
equilibrium is established. 


[AI(H,0),}* +H,O = [Al(OH)(H,0),* +H,0° 


Thus, solutions of Al** salts are acidic, in fact as 
acidic as vinegar. When a base stronger than H,O, 
(e.g., S*) is added to aqueous aluminium salts fur- 
ther H* ions are removed from [Al(H,O),]** and 
insoluble aluminium hydroxide precipitates. 


2[Al(H,0),}""(aq) + 38” (aq) > 
2[Al(OH);(H,O),](s) + 3H,S(g) 
A stronger base can remove 4H” ions as follows: 
[AI(H,O),)" + 40H” = [Al(OH),(H,0) (aq) 
+ 4H,O(1) 
40. Which of [AI(H,O),]**, H,S or H,O is the 
strongest acid ? 


(A) [A1(H,0),]” (B) H,S 

(C) H,O (D) All are the same. 
41. A base which will behave just like S* is 

(A) COZ (B) CH,OH 

(C) NH; (D) NH; 


42. Another ion that would behave similar to 
Al** (aq) in forming an acidic solution is 


(A) Bez*(aq) (B) Ba™(aq) 
(C) Na* (D) Tl’ 


https://telegram.me/unacademyplusdiscounts 


43. [Al(OH),(H,O),](s) more simply written as 
Al(OH),(s) is 
(A) acidic. (B) basic. 
(C) neutral. (D) amphoteric. 

44. Which gas would get absorbed when passed 
into a solution of Al**(aq)? 
(A) NH, (B) NO 
(C) CO (D) O, 


Matrix-Match Type 


45. Match the ions with their characteristic 


behavior. 
Column | Column II 
(A) Cation hydrolysis (p) NH; 
(B) No hydrolysis (q) PH; 
(C) Complete hydrolysis i O* 
(D) Conjugate base of NH, ~=(s) Na’ 


(t) CN 


46. If we mix equal volumes of two solutions, 
match with the pH of resulting solution. 


Column | Column II 
(A) 0.2 M KOH + (p) 0.7 
0.5 M HCOOH 
(B) 0.1 M NaCl + (q) between 
0.1 M NaNO, 1to7 
(C)0.1NINH,CI+ = (x) 7 
0.1 M NaOH 
(D) 0.5 M HCI + (s) greater than 7 
0.1 MNH,OH 


47. K, and K, are first and second ionization con- 
stant of H,CrO,, K, is dissociation constant for 
NH,. Match the buffer action with the corre- 
sponding equation. 


Column | Column Il 

(A) 0.1 MH,CrO, (p) pH =7+ 1/2 pK,- 
1/2 pK; 

(B) 0.1 MKHCrO, = (q) pH=7+1/2 pK, + 
1/2 log C 

(C) 0.1 M(NH,), CrO, (tr) pH = 1/2 pK,- 
1/2 log C 

(D)0.1MK,CrO, (s) pH =1/2 (pK, + pK,) 
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ELECTROCHEMISTRY 
Single Correct Choice Type 


CIiCulal 


1. The specific conductivity of a saturated solu- 
tion of AgCl is 3.40 x 10° ohm cm at 25°C. If 
Agr = 623 ohm" cm’ mol” and 14 = 677 ohm 


cm’ mol", the solubility of AgCl at 25°C is 


(A) 2.6 x 10° mol L* 
(B) 3.731 x 10° mol L* 
(C) 3.731 x 10° mol L* 
(D) 2.6x 10° gL" 


2. If De ine IS X,, Er din is x, then | Se will be 
(A) 3x,-2x, (B) x,-x, 
(C) x, +X, (D) 2x, + 3x, 


3. For the cell Pt | Cl, (p,) | HCl (0.1 M) | Pt | Cl, 
(p,); cell reaction will be spontaneous if 


(A) Pi =P2 (B) p\> Ps 
(C) Pr>P, (D) p,=p,=1atm 


4. If the solution of the CuSO, in which copper 
rod is immersed is diluted to 10 times, the oxi- 
dation electrode potential 


(A) increases by 0.030 V. 
(B) decreases by 0.030 V. 
(C) increases by 0.059 V. 
(D) decreases by 0.0059 V. 


5. AtpH=2,E, 
1.30V) 


: : . ° = 
uinhydrone will be (Given: Pontsipdeons = 


OH O 
—> + 2Ht + 2e- 


OH O 


(A) 136V (B) 130V 
(C) 142V (D) 1.20V 


6. Which graph correctly correlates E,,,, as a func- 
tion of concentrations for the cell (for different 
values of M and M’)? 


Zn(s) + Cu** (M) —> Zn* (M’) + Cu (s); 
E’,,=110V 


cell 


n*] 
x-axis: log,, ——— , y-axis: E 


[Cu*]’ 


cell 
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(A) 
1.10 V 
1.0 0 41.0 
(B) 
1.410V 
1.0 0 41.0 
(C) 
1.10 V 
| | : 
4+0 0° +10 
(D) 
1.10V 
1.0 0 41.0 


. The standard emf of the cell, Cd(s) | CdCl,(aq) 
|| AgCl(s) | Ag(s) in which the cell reaction is, 
Cd(s) + 2AgCl(s) > 2Ag(s) + Cd*(aq) + 2CI (aq) 
is 0.6915 V at 0°C and 0.6753 V at 25°C. The AH 
of the reaction at 25°C is 


(A) -176 kJ (B) -234.7 kJ 
(C) +123.5 kJ (D) -16726 kJ 


. In electrolysis of an aqueous solution of sodium 
sulphate, 2.4 L of oxygen at STP was liberated 
at anode. The volume of hydrogen at STP lib- 
erated at cathode would be 


(A) 1.2L (B) 2.4L 
(C) 2.6L (D) 4.8L 
. Acurrent of 0.75 A is passed through an acidic 


solution of CuSO, for 10 min. The volume of 
oxygen liberated at anode (at STP) will be 


(A) 0.261 dm? (B) 0.261 cm? 
(C) 0.261x10?mL = (D) 0.261 m° 


10. 


11. 


12. 


13. 
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A current of 9.65 A is drawn from a Daniell 
cell for exactly 1 h. If molar masses of Cu and 
Zn are 63.5 g mol and 65.4 g mol” respec- 
tively, the loss in mass at anode and gain in 
mass at cathode, respectively, are 


(A) 11.43 g,11.77g  (B) 11.77¢,11.43¢ 
(C) 22.86 g, 23.4 g (D) 23.54 g, 22.86 g 


The following facts are available 


2X +Y,—>2Y +X, 
2W + Y,— No reaction 
2Z +X,—> 2X +Z, 


Which of the following statements is correct? 
(A) Ear im, a Em . EO, 

(B) a <ER < an 

© Fie 

UD) Ee, 


oO 

> Ee IY 
oO 

. Ey. IY> X/X; 
re fe} 

>E > E, ee 


<E° 


ZIZy 


oO 
<E Y/Y, X"/X, 


<E° 


oO 
>E Y/Y, X"/X, 


Se 
A hydrogen electrode placed in a buffer solu- 
tion of CH,COONa and CH,COOH in the 
ratios of x : y and y: x has electrode potential 
values EF, volts and £, volts, respectively at 
25°C. The pK, values of acetic acid is (E, and 
E, are oxidation potentials) 


E, +E EL-E. 
(A) = (B) == 
0.118 0.118 
BE, +E EL-E 
(C) -42 (pD) += 
0.118 0.118 


Conductance measurements can be used to 
detect the end point of acid-base titrations. 
Which of the following plots correctly rep- 
resent the end point of the titration of strong 
acid and strong base? 


(A) 


Conductance 


End point 


Volume of base added 


hy 


f 


End point 


(B) 


Conductance 


Volume of base added 
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14. 


15. 


16. 


17. 


18. 


(C) 

8 

Cc 

& 

s : 

me} 

S| eS 

End point 
Volume of base added 

(D) 


Conductance 


Volume of base added 


Equivalent conductance of 0.1 M HA (weak 
acid) solution is 10 S cm’ equivalent and that 
at infinite dilution is 200 S cm’ equivalent”. 
Hence, pH of HA solution is 


(A) 13 (B) 1.7 
(C) 2.3 (D) 3.7 
If x is the specific resistance of the electrolyte 


solution and y is the molarity of the solution, 
then A,, is given by 


1000x 1000 
(A) —= (B) —= 
1000 x 
(Cc) —— (D) 
xy 100 
The solubility of [Co(NH,),CL] ClO,, if the 


A =50,a = 70, and the measured 


‘Co(NH; )4Cl5 CIO; 
resistance was 33.50 in a cell with cell con- 
stant of 0.20, is 


(A) 59.7m mol L" 
(B) 49.7m mol L" 
(C) 39.7mmol L" 
(D) 29.7m mol L" 


With ¢ is taken in seconds and / is taken in 
Ampere, the variation of J follows the equation 


P+P=25 
What amount of Ag will be electrodeposited 


with this current flowing in the interval 0-5 sec- 
ond? (Atomic mass Ag = 108) 


(A) 22 mg (B) 66 mg 
(C) 77mg (D) 88 mg 
During an electrolysis of conc. H,SO,, perdisul- 


phuric acid (H,S,O,) and O, from in equimo- 
lar amount. The amount of H, that will form 
simultaneously will be 
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(A) thrice that of O, in moles. 
(B) twice that of O, in moles. 
(C) equal to that of O, in moles. 
(D) half of that of O, in moles. 


Multiple Correct Choice Type 


19. 


20. 


21. 


22. 


23. 


24. 


On electrolysis of 10° M HCI solution 


(A) O, gas is produced at the anode. 
(B) CL, is produced at the anode. 

(C) O, gas is produced at the cathode. 
(D) H, is produced at the cathode. 


During discharge of lead storage battery, which 
of the following is/are true? 


(A) Lead sulphate is formed. 
(B) Lead is formed. 

(C) H,SO, is consumed. 

(D) H,SO, is formed. 


On electrolysis, in which of the following, O, 
would be liberated at the anode? 


(A) Dilute H,SO, with Pt electrodes. 

(B) Aqueous AgNO, solution with Pt electrodes. 
(C) Dilute H,SO, with Cu electrodes. 

(D) Fused NaOH with Fe cathode and Ni anode. 


If the same quantity of electricity is passed 
through three electrolytic cells containing 
FeSO,, Fe,(SO,), and Fe(NO,),, then 


(A) the amount of iron deposited in FeSO, 
and Fe,(SO,), are equal. 

(B) the amount of iron deposited in FeSO, is 
1.5 times of the amount of iron deposited 
in Fe(NO,),. 

(C) the amount of iron deposited in Fe,(SO,), 
and Fe(NO,), are equal. 

(D) the same amount of gas is evolved in all 
three cases at the anode. 


Which one is/are correct among the following? 


Given, the half-cell EMF’s Es ii = 0.337, 
Ee: = 0.521 


(A) Cu’ disproportionates. 

(B) Cu and Cu* comproportionates (reverse 
of disproportionates) into Cu’. 

(C) Fe ‘et Dk oa is positive. 


(D) All of these. 
Indicate the correct statements. 


(A) Conductivity cells have cell constant val- 
ues independent of the solution filled into 
the cell. 

(B) DC (direct current) is not used for mea- 


(2H,SO, — H,S,0, + 2Hhtee/)telegram.me/unacademypRlsingdgragsistance of a solution. 
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(C) Kohlrausch law is valid both for strong 
and weak electrolytes. 

(D) The constant k decreases but A, and A, 
increase on dilution. 


Assertion-Reasoning Type 
Choose the correct option from the following: 


(A) Statement 1 and Statement 2 are True, Statement 
2 is the correct explanation of the Statement 1. 

(B) Statement 1 and Statement 2 are True, 
Statement 2 is NOT a correct explanation of 
the Statement 1. 

(C) Statement 1 is True, Statement 2 is False. 

(D) Statement 1 is False, Statement 2 is True. 


25. Statement 1: The cell constant of a cell depends 
upon the nature of the material of the electrodes. 
Statement 2: The observed conductance of a 
solution depends upon the nature of the mate- 
rial of the electrodes. 


26. Statement 1: Gold chloride (AuCl,) solution 
cannot be stored in a vessel made of copper, 
iron, nickel chromium, zinc or tin. 

Statement 2: Gold is a very precious metal. 


27. Statement 1: Molar conductivity of a weak 
electrolyte at infinite dilution cannot be deter- 
mined experimentally. 

Statement 2: Kohlrausch’s law helps to find 
the molar conductivity of a weak electrolyte at 
infinite dilution. 


28. Statement 1: On increasing dilution, the spe- 
cific conductance keeps on increasing. 
Statement 2: On increasing dilution, degree 
of ionization of weak electrolyte increase and 
mobility of ions also increase. 


29. Statement 1: For the reaction: Ni** + 2e ——> Ni 


Fe” + 2e° —_-» Fe 


E° 


Fe" /Fe 


<E°,... and E°, >0 


Ni** /Ni ted 

So Fe electrode is cathode and and Ni elec- 
trode is anode. 

Statement 2: Because AG®° < 0 and E?,, >0,so 
cell is possible. 


Comprehension Type 


Paragraph | 


If an element can exist in several oxidation states, 
it is convenient to display the reduction potentials 
corresponding to the various half reactions in dia- 


grammatic form, known as Latimer diagram. The 
Latimer diagram for chlorine in acid solution is 


ClO; 41.20 V Clo; +1.18 V HClO, +1.60 V 


HcIO 1.67 V > Cl, 1.36 V > cr 


In basic solution it is 


ClO; 0.37 V. > Clo; 0.30V > ClO; 0.68 V CclO~ 


0.42V N Ci: 1.36V > cr 


The standard potentials for two non-adjacent spe- 
cies can also be calculated by using the concept that 
AG*® as an additive property but potential is not an 
additive property and AG® = -nFE°. If a given oxi- 
dation state is a stronger oxidizing agent than in the 
next higher oxidation state, disproportionation can 
occur. The reverse of disproportionation is called 
comproportionation. The relative stabilities of the 
oxidation state can also be understood by drawing 
a graph of AG*°/F against oxidation state, known as 
Frost diagram, choosing the stability of zero oxida- 
tion state arbitrarily as zero. The most stable oxi- 
dation state of a species lies lowest in the diagram. 
Disproportionation is spontaneous if the species lies 
above a straight line joining its two product species. 


30. What is the potential of couple oe 


— at pH= 14? 
(A) 178 V (B) -0.94.V 
(C) 0.89 V (D) -0.89 V 


31. Which of the following statement is correct? 


(A) Cl, undergoes disproportionation into Cl 
and ClO both at pH = 0 and pH = 14. 
Cl, undergoes disproportionation into Cl 
and ClO at pH = 14 but not at pH = 0. 
Cl, undergoes disproportionation into Cl 
and ClO at pH = 0 but not at pH = 14. 


None of these. 


(B) 
(C) 


(D) 


32. For a hypothetical element, the Frost diagram 
is shown in the following figure. Which of the 
following oxidation state is the least stable? 


a @ a) 24 
Oxidation number — 
(B) 0 
(D) +3 


(A) -1 
(C) +2 
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Paragraph II 


Titrations are one of the methods we can use to 
discover the precise concentrations of solution. A 
typical titration involves adding a solution from 
a burette to another solution in a flask. The end 
point of the titration is found by watching a color 
change taking place. However, a problem arises 
when a suitable indicator cannot be found, or when 
the color changes involved are unclear. In cases 
redox potential may sometimes come to the rescue. 


Cerium (IV) solution 


Voltmeter reading 
changes during 
the titration 


2V 


Hydrogen 
1 atm —__»—| 


Platinum 


Fycrochlonic crectrode Platinum —_|roniIl) 
goat ain electrode — solution 


A particularly well known example (shown in the 
above figure) is a method of discovering the con- 
centration of iron in a solution by titrating them 
with a solution of cerium (IV). The redox poten- 
tial that are of interest here are EP mee +0.77 V 
and By co = +1.61 V. These tell us that cerium 
(IV) ions are the oxidizing agents, and iron (II) 
ions are the reducing agent. They should react 


according to the equation 
Fe* (aq) + Ce** (aq) > Fe* (aq) + Ce** (aq) 


Now imagine that we know the concentration of 
the cerium (IV) ions solution in the burette. We 
want to measure the concentration of the iron (II) 
solution. If we add just one drop of the cerium (IV) 
solution from the burette, some of the iron (II) 
ions will be oxidized. As a consequence the bea- 
ker would now contain not only a large number of 
unreacted ions, but also some iron (III) ions as well 


lons present 


as cerium (III). The solution in the beaker now 
represents an iron (III)/iron (II) half-cell, although 
not at standard conditions. Thus the EMF of the 
cell will be near, but not equal, to Ee mee 

If we continue to add cerium (IV) solution, the 
number of iron (II) ions is gradually reduced and 
eventually only a very few are left (see Table). At 
this stage the next few drops of cerium (IV) solu- 
tion convert all the remaining iron (II) ions into iron 
(III), and some of the cerium (IV) ions are left unre- 
acted. Once this happens, we no longer have Fe(II) 
ions and a smaller number of cerium (IV) ions. The 
solution in the beaker now behaves as a cerium 
([V)/cerium (III) half-cell (although not a standard 
one). 


Ee /V 


2 4 6 8 101214 16 18 20 


Volume of 
Ce** solution 
End point added/cm? 


Just before all the iron (II) ions are converted into 
iron (III) we have a cell with an EMF of around 
+0.77 V. After all the iron (II) ions are oxidized, 
we have a cell with an EMF of about +1.61 V. This 
rapid rise in EMF occurs with the addition of just 
one drop of cerium (IV) solution. You should 
be able to understand why a graph of cell EMF 
against volume of cerium (IV) solution added 
looks like that of above figure. The end point of the 
titration can be read from the graph and the con- 
centration of the iron (II) solution calculated in the 
usual way. 


Fe’* Fe* Ce* Ce” a ee 
After the first few Many Some Some None Fe*/Fe~* A little less than 0.77 
drops of Ce** (aq) 
Near the end point Some Many Many None Fe™/Fe* A little more than 0.77 
Just after end point None Many Many Some Fe“/Fe* A little more than 1.61 
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33. When an ion is converted into a complex ion, 


prio [Pet CNDE aa) FelCNYE (aa) Fe (ag) Fea) 
S 
1mol dm~* 1mol dm™* 
Pt(s) 


34. 


35. 


the redox potential changes. You can see this in 
the case of the EMF of the iron (IID/iron (ID) 
system (+0.77 V) and the hexacyanoferrate 
(II])/hexacyanoferrate (II) system (+0.36 V). 
The cyanide ion is said to stabilize the oxidation 
state of the iron. If you were to make up a cell 


What would be the EMF and what would be 

the cell reaction? 

(A) 0.41V, [Fe(CN),]* (aq) + Fe* (aq) > 
[Fe(CN),]* (aq) + Fe™ (aq) 

(B) 0.13V, [Fe(CN),]* (aq) + Fe** (aq) > 
[Fe(CN),]* (aq) + Fe” (aq) 

(C) 0.41V, [Fe(CN),]* (aq) + Fe** (aq) > 
[Fe(CN),]* (aq) + Fe™ (aq) 

(D) 0.13V, [Fe(CN),]* (aq) + Fe* (aq) > 
[Fe(CN),]* (aq) + Fe™ (aq) 


The cell shown below was set up 


Fe* (aq), Fe*(aq),|Br(aq), Br, ” 


Pt(s 
(s) 1mol dm~* 


1mol dm™ Py) 


What would be the cell EMF? If potassium 
cyanide solution were added to the left hand 
half cell, what would you expect to happen to 
the EMF of the cell? E> = 1.07 V and use 


1 /Bry 


data of previous question, if required. 


(A) 0.30 V, EMF will increase from 0.30 V to 
0.41 V. 

(B) 1.84 V, EMF will decrease from 1.84 V to 
1.43 V. 


(C) 0.30 V, EMF will increase from 0.30 V to 
0.71 V. 

(D) 0.30 V, EMF will increase from 0.30 V to 
0.43 V. 


Imagine you were given a solution of potas- 
sium dichromate (VI) in a beaker, and a solu- 
tion of iron (II) sulphate in a burette. You do 
not know the concentration of dichromate 
(VI) ions, but the concentration of the iron 
(II) solution is known. Your task is to carry 
out a redox titration using the two solutions 
in order to determine the concentration of 
dichromate (VI) ions. Sketch a graph how the 


EMF changes in the course of above titration. 


oO = oO = 
Foor Ice =133 V, Eve pet =(0.77 V. 
(A) Ecell IV 

+1.33 
+0.77 
Volume of Fe2+ 
solution added 
(B) Eee /V 
+1.33 
+0.77 
Volume of Fe?+ 
solution added 
(C) Eee /V 
+2.10 
$1.33 
Volume of Fe2+ 
solution added 
(D) Evel IV 
+2.10 
+1.33 


Volume of Fe2+ 
solution added 
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Matrix-Match Type 


36. Match the quantities with the factors on which 
they depend. 


Column | Column Il 


(A) Molar conductance 
(B) Electrode potential 


(p) Temperature 


(q) Concentration of 
species involved 


(C) Standard electrode (r) Nature of sub- 
potential stance involved 
(D) EMF of a cell in (s) Stoichiometric 
operation coefficient of the 
reaction 


37. Assume inert electrolyte used in salt bridge 
in all the given cells is KCl. (K, of HCOOH = 
2 x 10“). Then match the cell reaction with the 
observation. 


Column | Column II 


(A) Zn | ZnSO, 
(1M)||ZnSO, (2M) | Zn 
(B) Cu| CuCl, 
(1M) | CuSO, (2M) | Cu 


(p) Spontaneous cell 
reaction 

(q) Osmotic pres- 
sure of cathodic 
solution is greater 
than that of 
anodic solution 

(C) AglAgCl (r) 
(sat. sol.)||AgNO3(1M) | Ag 


At equilibrium 
condition of the 
cell, freezing point 
of anodic solution 
is higher than of 
cathodic solution 
(D) Pt|H,]| HCOOH 
(1M)||HCI (1M)|H,|Pt 


(s) At equilibrium 
condition of the 
cell, boiling point 
of cathodic solu- 
tion is higher 
than that of 
anodic solution 


38. Match the electrolytic solution and the elec- 
trode with the observation. 


Column | Column II 


(A) Molten PbCl, using (p) Metal of salt will 


reduced. 


(q) H,O +2e > H,(g) + 
20H 


inert electrode 

(B) Sodium chloride 
solution using inert 
electrode 

(C) Silver nitrate solu- 
tion with silver 
electrode 

(D) Sodium nitrate 
solution using inert 
electrode 


(r) Solution becomes 


(s) Solution becomes 
acidic after 


basic after electrolysis 


= ema erar’ ‘ v~lienAi 
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CHEMICAL KINETICS 
Single Correct Choice Type 


1. For a gas reaction at 7(K) the rate is given 


by obs =k'p, atmh"' . If the rate equation is 
1 da 
expressed as —r, =-——*=kC? molL' hh", 
p Ts V dt A 
the rate constant k is given by 
(A) kek (B) k=k' RT 
(C) k=KURT (D) k=k! (RT) 


where R is gas constant in cal ¢' mol’ K"' 


2. In the following reaction: x, ——> y, 


oe [41] -tog [21] 03 


where —ve sign indicates rate of disappearance 
of the reactant. Thus, x : y is 


(A) 1:2 (B) 2:1 
(C) 3:1 (D) 3:10 


3. Two substances A (¢,, = 5 min) and B (¢,, = 15 
min) are taken in such a way that initially 
[A] = 4[B]. The time after which both the con- 
centration will be equal is (assuming reactions 
are of first order) 


(A) 5 min. 

(B) 15 min. 

(C) 20 min. 

(D) Concentration can never be equal. 


4. The kinetic of hydrolysis of methyl acetate 
in excess dilute HCI at 25°C was followed by 
withdrawing 2 mL of the reaction mixture at 
intervals of (t), adding 50 mL water and titrat- 
ing with baryta water. Determine the velocity 
constant of hydrolysis. 


t 0 
(in minute) 


75 119-259 


Titer value 19.24 24.20 26.60 32.23 42.03 


(in mL) 


Ge = 0.2454, In ea 0.39, iets = 0.439 | 
17.83 15.43 9.8 


(A) 3.27 x 10? min? 
(B) 3.27x 10757 
(C) 15 x 10° min™ 


nfilectralysis am me/unacadeD)phsokd@sisits 


0 Y48 Appendix A | Chapter-wise Tests 


For a reaction, A > B + C, it was found that at 
the end of 10 min from the start, the total opti- 
cal rotation of the system was 50° and when 
the reaction is complete, it was 100°. Assuming 
that only B and C are optically active and dex- 
trorotatory, calculate the rate constant of this 
first order reaction, 


(A) k= 0.695 min! 
(C) k=-0.0693 min™ 


The decomposition of hydrogen peroxide in 
an aqueous solution is a reaction of first order. 
It can be followed by titrating 10 mL portions 
of reaction mixture at various times from the 
beginning of reaction against a standard solu- 
tion of KMnO,. Volume of KMnO, solu- 
tion used in each case is proportional to the 
remaining concentration of H,O,. From the 
following data, calculate the rate constant of 
the reaction. 


(B) k = 0.0693 s? 
(D) k = 0.00693 s* 


Time (in second) 0 
KMnO, sol. used (in mL) 


600 
13.8 


1200 


22.8 8.20 


Te 


(A) k=8.44x104s4 
(B) k=8.44x 107s 
(C) k=2.44x10*s" 
(D) k=2.22x10*s 


For the consecutive unimolecular type first- 
order reaction A —“> R —*-» S, the con- 
centration of component R, C, at any time f is 
given by 


—kyt —kyt 


e e 


1 + 
(k, —k,) (k, ~k,) 


Ca=C,, K. 


if C, = Cy, Cp = Ca, = 0 at ¢ = 0, the time at 
which the maximum concentration of R occurs 
is 


(A) 1... =o (B) 1, = Melk) 
m In (k,/k,) an 7 
ky ky ky-k, 
(Cie (D) tho == 
k, ea k, = k, 


. A first order homogeneous reaction of the type 


X > Y > Z (consecutive reaction) is carried 
out in a continous stirred-tank reactor. Which 
of the following curves respectively show the 
variation of the concentration of X, Y and Z 
with time? 


(A) 1,0, 1 
(C) ILL 


(B) UL, U1 
(D) I, 1,1 


(8) 
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Conc. 


Time —> 


For the consecutive unimolecular type first 
order reaction A—“»+R—“->S, the con- 
centration of component A, C, at any time f is 
given by 


(A) C=C, eh 

(B) C,=C,e 0» 

(C) Cy = Ce 

(3)°C.=C.e" 

A substance undergoes first order decomposi- 


tion. The decomposition follows two parallel 
first order reactions as 


: k, =1.26x 10s and 
Ig kx = 3.81078? 


The percentage distributions of B and C are 


(A) 80% B and 20% C 
(B) 76.83% B and 23.17% C 
(C) 90% Band 10% C 
(D) 60% B and 40% C 


The reaction, X + 2Y + Z — N occurs by the 
following mechanism 


(i)X + Y =M (very rapid equilibrium) 
(ii) M + Z > O (slow) 
(iii) O + Y > N (very fast) 
What is the rate law for this reaction? 
(A) Rate = k[Z] 
(B) Rate = k[X] 
(C) Rate = A[N] 
(D) Rate =k [X] [Y] [Z] 


[Y} [Z] 


The reaction of hydrogen, and iodine mono- 
chloride is represented by the equation: 


H,(g) + 21CI(g) > 2HCl(g) + L(g) 


This reaction is first order in H,(g) and also 
first order in ICl(g). Which of these proposed 
mechanisms can be consistent with the given 
information about this reaction? 


Mechanism I: H,(g) + 2ICI(g) > 2HC\(g) + L(g) 


Mechanism IT: 
H,(g) + ICl(g) Slow 


—“» HCl(g) + HI(g) 


13. 


14. 


15. 


16. 


HI(g) + ICl(g) “> HCl(g) + L(g) 


(A) Lonly (B) Il only 
(C) both and II (D) neither I nor I 


For a certain reaction of order n, the time for 
[2-2] 
k 
where k is the rate constant and C;, is the initial 

concentration. What is n? 


(A) 1 (B) 2 
(C) 0 (D) 0.5 


In the Lindemann theory of unimolecular 
reactions, it is shown that the apparent rate 
k,C 
1+ac 
where C is the concentration of the reactant, 
k, and @ are constants. Calculate the value of 
C for which k,,, has 90% of its limiting value 
at C tending to infinitely large values, given 

a@=9x 10°. 


(A) 10° mol L™ 
(C) 10° mol L™ 


half change, f,, is given by t,,,= ~Ca 


constant for such a reaction is k,,, = 


(B) 10% mol L™ 
(D) 5x 10° mol L" 


Given that for a reaction of order n, the 
integrated form of the rate equation is 


k= : - - where C, and C are 
t(n-1)}C"" CG 


the values of the reactant concentration at the 
start and after time ft. What is the relation- 
ship between ¢,, and t,, where ¢,, is the time 
required for C to become 1/4 C,? 


(A) big = Lip [2"" +1] 
(B) bq = Ly 2" 7 1] 
(C) big = Lip Begg =A] 
(D) bq = Ly [2 + 1] 
The following mechanism has been proposed 
for the exothermic catalyzed complex reaction. 


A+B 


fast 


IAB = AB + [7S PaA 
slow ast 


If k, is much smaller than k,. The most suit- 
able qualitative plot of potential energy versus 
reaction coordinates for the above reaction. 


(A) 


> 

+ 

w 
> 
ow 


A+P 


Potential energy 


AB+l 
Reaction coordinate 
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(B) 


Potential energy 
> 
+ 
wo 


Reaction coordinate 


ae 
sy 
oO 
i= 
oO 
& 
= JA+B 
3 AB+I\ asp 
S + 
o IAB 
Reaction coordinate 
(D) | 
sy 
oO 
= 
oO 
& 
€ |A+B 
®o 
5 IAB 
ao A+P 


AB+l 
Reaction coordinate 


17. Choose the correct set of identification. 


Potential energy 


Reaction coordinate 


(1) (2) (3) 
(A) AE for E, for AE ora LOT 
E+S-ES ES-EP SP 
(B) E, for AE for _ E, for 
E+S>ES E+S-ES ES—EP 
(C) E, for E, for AE werall 
ES>EP  EP->E+P for SP 
(D) E, for E, for E, for 
E+S—ES ES-EP EP>E+P 


Multiple Correct Choice Type 


(4) 
E, for 
EP-E+P 
AE eran 
for SP 
AE for 
EP-E+P 
AE wverall 
SP 


for 


18. Activation energy of a reaction depends on 


(A) nature of reactants. 
(B) temperature. 

(C) conc. of reactants. 
(D) presence of catalyst. 
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19. The rate law for the reaction, 
RCI + NaOH(aq) — ROH + NaCl 


is given by rate = k[RCI]. The rate of the reac- 
tion will be 


(A) doubled on doubling the concentration of 
sodium hydroxide. 

(B) halved by reducing the concentration of 
alkyl halide to one-half. 

(C) increased on increasing the temperature 
of the reaction. 

(D) unaffected by increasing the temperature 
of the reaction. 


20. For producing effective collisions, the colliding 
molecules must possess 


(A) proper orientation. 

(B) energy equal to activation energy. 

(C) energy equal to or greater than threshold 
energy. 

(D) energy greater than threshold energy. 


21. For the reaction AB, the rate law expression 


A 
is SIAL gay If initial concentration of 


[A] is [A], then 
(A) The 
2 
k= H(A? A?2). 
(A0?- A") 
(B) The graph of VA vs t will be 


AS 


t 
(C) The half-life period ¢,,, = 


integrated rate expression is 


k 
2[A]y 
(D) The time taken for 75% completion of 
Jal 

k 


reaction ¢,,, = 


Assertion-Reasoning Type 


Choose the correct option from the following: 


(A) Statement 1 and Statement 2 are True, 
Statement 2 is the correct explanation of the 
Statement 1. 

(B) Statement 1 and Statement 2 are True, 
Statement 2 is NOT a correct explanation of 
the Statement 1. 

(C) Statement 1 is True, Statement 2 is False. 

(D) Statement 1 is False, Statement 2 is True. 


22. Statement 1: For a first order reaction f,, is 
independent of the initial concentration 
reactants. 


of (D 
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Statement 2: For a first order reaction ¢,,, is 
twice the ¢,,,. 


23. Statement 1: If initial concentration of all the 
reactants is in stoichiometric ratio their half- 
life is same irrespective of the order. 

Statement 2: Molecularity of a complex reac- 


tion is not defined. 


24. Statement 1: The time of completion of reac- 
tions of type A — Product (order < 1) may be 
determined. 

Statement 2: Reactions with order >1 are 
either too slow or too fast and hence the time 


of completion cannot be determined. 


25. Statement 1: A catalyst provides an alterna- 


tive path to the reaction in which conversion of 
reactants into products takes place quickly. 
Statement 2: The catalyst forms an activated 
complex of lower potential energy, with reac- 
tants by which more number of molecules is 
able to cross the barrier per unit of time. 


Comprehension Type 
Paragraph | 
For the reaction, if effective rate constant K is 
2K, ( x ) 
K, \K, 
26. The effective activation energy is 
(A) Blaby -By+ hey te, 
(B) EL =E,,+ E+ Ey, + Ey; 
(C) EF, = Ey + Ey — Eqs — E,s 
(D) E, = Ey + E.3—- E,s— Eq 


given by: K’ = 


27. The effective frequency factor 


Af A) 
(a) a(S] 


@ aml 24) 
A, }\ As 


(C) A'=A,xA,xA,xA, 


_ A Ay 1/5 
o 44) 


28. The rate constant for the reactions says that 


(A) it is first order reaction. 
(B) it is zero order reaction 
(C) it is second order reaction 


D) it cannot be predicted by the data given. 


scounts 


Paragraph Il 


Oxidation of metals is generally a slow electro- 
chemical reaction involving many steps. These steps 
involve electron transfer reactions. A particular 
type of oxidation involve overall first order kinet- 
ics with respect to fraction of unoxidized metal 
(1 - f) surface thickness relative to maximum thick- 
ness (7) of oxidized surface, when metal surface is 
exposed to air for considerable period of time. 
df 


Rate law: —=k(1- 
ate law rf (1-f) 


where f = . ,x is thickness of oxide film at ¢ and T is 
thickness of oxide film at t = ~. 


A graph of In(1 — f) vs. t is shown in the following 
figure. 


0 200 h 


-3 eee eee eee 
In(1-f) 


29. The time taken for thickness to grow 50% of T 
is 


(A) 23.1h (B) 46.2h 
(C) 100h (D) 92.4h 

30. The exponential variation of f with ¢(h) is 
given by 


(A) (1 = em) 
( C) e73t/200 


(B) eo 38200 _ 1 
(D) et/200 
Matrix-Match Type 


31. Match the reactions and their rate constants 
with the observation. 


Column | Column Il 
(A) A+B—+>C+D_  (p) Unit of rate constant 
r=k,A][B] possess concentration 
unit 
(B) A+B >C+D (q) Rate constant for the 


reaction of both the 
reactants are equal 


r=k,A][B], 


(C)A+B>C+D (r) 
r=kJA], [B]) 


Rate of consumption 
of atleast one of the 
reactant is equal to 
rate of production 
of atleast one of the 
products 


If both reactants are 
taken in stoichiometric 
ratio, half life for both 


(D) 2A+B—>2C+3D (s) 
r=k,[A], [B], 
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32. Match the relation with the corresponding plot. 


Column | Column II 
(A) dB VS. eh (p)} “ 
dt dt 
(B) [A] vs. ¢ for first (q)A 
order bt 
Ly 


(C) [B] vs. ¢ for first (r) 
order 


(D) [A] vs. ¢ for first (s) 
order 


33. For the first consecutive reactions. 
A—*>B—2>C 
The reaction is started with some amount of 


A. Match the given observation with the time 
related with above reaction. 


Column | Column II 
(A) Rate of for- (p) At time t=14,, of A (given 
mation of C k, =2k,) 


is maximum 


(B) [B],=[C],  (q) Attime r= 


! In i 
k, —k, k, 


At time f¢ when rate of for- 
mation of B is maximum 


In(2—k,/k,) 
k, = k, 


(C) [A], =[B], © 


(s) At time t= 
and k, > k, 


SURFACE CHEMISTRY 
Single Correct Choice Type 


1. A colloidal solution is subjected to an electri- 
cal field. The particles move towards anode. 
The coagulation of the same sol is studied 
using NaCl, BaCl, and AICI, solutions. Their 
coagulating power should be 


(A) NaCl > BaCl, > AICI, 


(B) BaCl, > AICI, > NaCl 
(C) AICI, > BaCl, > NaCl 


neagtanis.ate eqvah o/unacaddF)pBaGa Nagel > AICI, 
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On adding few drops of dil. HCI to freshly pre- 
cipitated ferric hydroxide, a red colored colloi- 
dal solution is obtained. This phenomenon is 
known is 


(A) peptization. (B) dialysis. 
(C) protective action. (D) dissolution. 


In the preparation of AglI sol, the excess of 
AgNO, is added to potassium iodide solution. 
The particles of the sol will acquire 


(A) negative charge. (B) positive charge. 
(C) no charge. (D) unpredictable. 


Milk is a colloid in which 


(A) a liquid is dispersed in liquid. 
(B) a solid is dispersed in liquid. 

(C) a gas dispersed in liquid. 

(D) some sugar is dispersed in water. 


Which of the following statement is not correct 
in respect of hydrophilic sol? 


(A) The particles are hydrated. 

(B) They are quite stable and are not easily 
coagulated. 

(C) They are irreversible. 

(D) There are considerable interactions between 
the dispersed phase and the dispersion 
medium. 


. Which of the following is the cause of Brownian 
movement of colloids? 


(A) Thermal agitation in medium. 

(B) Collision due to air molecules. 

(C) Unbalanced impacts by molecules of the 
dispersion medium. 

(D) Cause is unpredictable. 


. Tyndall effect in colloidal solution is due to 


(A) scattering of light. 

(B) reflection of light. 

(C) absorption of light. 

(D) presence of electrically charged particles. 


. When a graph is plotted between log x/m and 
log p, it is straight line with an angle 45° and 
intercept 0.3010 on y-axis. If initial pressure 
is 0.3 atm, what will be the amount of gas 
adsorbed per gram of adsorbent? 


(A) 0.4 (B) 0.6 
(C) 08 (D) 0.1 


. Finally divided catalyst has greater surface 
area and has greater catalytic activity than 
the compact solid. If a total surface area of 
6291456 cm’ is required for adsorption of gas- 
eous reaction in a catalyzed reaction, then how 
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many splits should be made of cube exactly 
1 cm in length? 


(A) 60 (B) 80 
(C) 20 (D) 22 


10. For the coagulation of 200 mL of As,S, solu- 
tion, 10 mL of 1 M NaCl is required. What is 
the coagulating value of NaCl? 


(A) 200 (B) 100 
(C) 50 (D) 25 


11. At critical micelle concentration (CMC), the 
surfactant molecules 


(A) decompose. 

(B) become completely soluble. 
(C) associate. 

(D) dissociate. 


Multiple Correct Choice Type 


12. Which of the following colloidal solutions con- 
tain negatively charged colloidal particles? 


(A) Fe(OH), sol 
(B) As,S, sol 
(C) Blood 

(D) Gold. sol 


13. Which of the following statements are true? 


(A) Soap solution contains ionic micelles as 
the colloidal particles. 

(B) A water in oil emulsion easily dissolves in 
water. 

(C) Chemisorption is highly specific. 

(D) Chemisorption occurs in the form of mul- 
timolecular layers. 


14. A lyophobic colloidal solution can be precipi- 
tated by 


(A) adding lyophilic colloid. 

(B) heating. 

(C) adding electrolyte. 

(D) adding oppositely charged colloid. 


15. When a negatively charged colloid like As,S, 
sol is added to positively charged Fe(OH), sol 
in suitable amounts 


(A) both the sols are precipitated simultaneously. 
(B) this process is called mutual coagulation. 
(C) they becomes positively charged colloids. 
(D) they becomes negatively charged colloids. 


16. The origin of charge on colloidal solution is 


(A) self-dissociation. 
(B) electron capture during Bredig’s arc method. 
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(C) selective adsorption of ion on their surface. 
(D) it is due to addition of protective colloids. 


17. Which of the following are correct statements? 


(A) Spontaneous adsorption of gases on 
solid surface is an exothermic process as 
entropy decreases during adsorption. 

(B) Formation of micelles takes place when 

temperature is below Kraft temperature 

(T,) and concentration is above critical 

micelle concentration. 

A colloid of Fe(OH), is prepared by add- 

ing NaOH in FeCl, solution, the particles 

of this sol will more towards cathode dur- 
ing electrophoresis. 

According to Hardy-Schulze rule the 

coagulation (flocculating) value of Fe** 


(C 


Na 


(D 


a 


ion will be more than Ba™ or Na’. 
18. Which of the following are incorrect statements? 


(A) Hardy-Schulze rule is related to coagulation. 

(B) Brownian movement and Tyndall effect 
are the characteristic of colloids. 

(C) In gel, the liquid is dispersed in liquid. 

(D) Lower the gold number more is the pro- 
tective power of lyophilic sols. 


Assertion-Reasoning Type 
Choose the correct option from the following: 


(A) Statement 1 and Statement 2 are True, 
Statement 2 is the correct explanation of the 
Statement 1. 

(B) Statement 1 and Statement 2 are True, 
Statement 2 is NOT a correct explanation of 
the Statement 1. 

(C) Statement 1 is True, Statement 2 is False. 

(D) Statement 1 is False, Statement 2 is True. 


19. Statement 1: True solutions do not exhibit 
Tyndall effect. 
Statement 2: In true solutions, the size of 
solute particles is small. 


20. Statement 1: Lyophilic colloids are generally 
stable. 

Statement 2: In lyophilic colloids there is great 
affinity between disperse phase and dispersion 


medium. 


21. Statement 1: For the adsorption of a gas on a 
solid, the plot of log x/m versus log p is linear 
with slope equal to 1/n. 

Statement 2: According to Freundlich adsorp- 


oe x 
tion isotherm — = kp". 
m 
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Comprehension Type 


Paragraph | 


If a pair of immiscible liquids such as olive oil and 
water are mixed and shaken vigorously, a disper- 
sion of very fine droplets of one liquid in the other 
will result. Such dispersion is termed emulsion. 

(i) One of the components in emulsion is water 
and the other one an oily substance immisci- 
ble in water. 

Emulsion droplets are bigger than sol parti- 
cles (10° m) and can be seen under an ordi- 
nary microscope or sometimes even with a 
magnifying glass. 

Emulsions resemble lyophobic sols in some of 
the properties. 

(iv) Emulsion can be identified by dye-test. 


(ii) 


(iii) 


22. In the following emulsion 


Oil droplets Water droplets 
(dispersed \Y (dispersed 
phase) phase) 
Water Oil 
(dispersion (dispersion 
medium) | medium) Il 


(A) Lis of oil-in-water type and II is of water- 
in-oil type. 

(B) I is of water-in-oil type and II is of oil- 
in-water type. 

(C) both are of oil-in-water type. 

(D) both are of water-in-oil type. 


23. An oil-soluble dye is shaken with the given 
emulsion under study. We observe that whole 
background appears colored. This indicates 


that emulsion is 


(A) water-in-oil type. 

(B) oil-in-water type. 

(C) liquid under study is pure oil. 
(D) liquid under study is pure water. 


24. An oil-soluble dye is shaken with the given 
emulsion under study. We observe coloured 
drops when seen under microscope. Thus 


emulsion is 

(A) water-in-oil type. 

(B) oil-in-water type. 

(C) liquid under study is pure oil. 
(D) liquid under study is pure water. 


Paragraph II 


The cloud consists of charged particles of water 
dispersed in air. Some of them are positively 
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charged, others are negatively charged. When 
positively charged clouds come closer they cause 
lightening and thundering whereas when posi- 
tive and negative charged colloids come closer, 
they cause heavy rain by aggregation of minute 
particles. It is possible to cause artificial rain by 
throwing electrified sand or silver iodide from an 
aeroplane and thus coagulating the mist hanging 
in air. Smoke screen is a cloud of smoke used to 
hide military, naval police, etc. It consists of fine 
particles of TiO,,. 


25. When excess of AgNO, is treated with KI solu- 
tion, AgI forms 


(A) positive charged sol. 
(B) negatively charged sol. 
(C) neutral sol. 

(D) true solution. 


26. AgI helps in artificial rain because 


(A) it helps in ionization of water. 
(B) it helps in dispersion process. 
(C) it helps in coagulation. 

(D) All of the above. 


27. Smoke screens consist of 


(A) fine particles of TiO, dispersed in air by 

aeroplanes. 

(B) fine particles of AgI dispersed in air by 
aeroplanes. 

(C) fine particles of Al,O, dispersed in air by 
aeroplaenes. 


(D) none of these. 


Matrix-Match Type 


28. 

Column | Column Il 

(A) Gold sol (p) Bredig’s arc 
method 

(B) Purification of col- (q) Negatively 

loidal solution charged 

(C) As,S, sol (r) Ultra-centrifuga- 
tion 

(D) Zeta potential (s) Electro kinetic 
potential 

(E) Casein (t) Double decompo- 


sition reaction 


(u) Protective colloid 


29. Match the properties of colloidal solutions 
with their applications. 


3. The 


naradamuniscd 
unacagemypiusadl 


yram (W@W 


Column | Column II 

(A) Tyndall effect (p) Zig-zag motion 

(B) Brownian (q) Sky is blue 
movement 

(C) Electrophoresis (r) Coagulation of 

colloids 

(D) Hardy-Schulz (s) Charge on colloidal 
rule solution 

(E) Froth floatation (t) Emulsion of pine oil 


Gold number 


NUCLEAR CHEMISTRY 
Single Correct Choice Type 


1. 1 mol of @emitting nuclide *X (t,, = 10 h) was 
placed in a sealed container. The time required 
for the accumulation of 4.52 x 10” helium 
atoms in the container is 


(A) 4.52h 
(C) 10.0h 


(B) 9.40h 
(D) 20.0h 
2. Which of the following is (n, p) type reaction? 
(A) $C+ HEC 
(B) ;N+;H>;0 
(C) ZAl+ jn> 3Mg+jH 
(D) *2U+ jn “GXe + Sr 
activity of radioactive nuclide (X'°’) is 
6.023 Curie. If its disintegration constant is 
3.7 x 10° s7, the mass of X is 
(A) 10° g (B) 10° g 
(C) 10%g (D) 10g 


4. Review the nuclear reaction: 


Ra —2> Rn—*“> Po —* > Pb —4> Bi 


Point out the correct statement. 


(A) Ra, Rn, Po, Pb (isodiapheres), Pb and Bi 
(isobars). 

(B) Ra, Rn (isotopes) Po, Pb, Bi (isobars). 

(C) Rn, Po, Pb (isotopes) Ra, Pb, Bi (isobars). 

(D) None of these. 


5. i Al is a stable isotope. 7; Al is expected to 


disintegrated by 


(A) a emission. 

(B) _?B emission. 
(C) positron emission. 
(D) proton emission. 
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6. 


10. 


Two radioactive material A, and A, have decay 
constants of 10A, and A,. If initially they have 
same number of nuclei, then after time 1/9A, 
the ratio of number of their undecayed nuclei 
will be 


(ay i ee 
e e 

( 4 (p) 2 
e 1 


Consider the following nuclear reactions: 
238 x 4 4 A 
o M>YN+25He, yN>,L+28* 
The number of neutrons in the element L is 


(A) 142 (B) 144 
(C) 140 (D) 146 


. Helium nuclei combine to form an oxygen 


nucleus. The energy released per nucleon of 
oxygen nucleus is (Given: m, = 15.834 amu and 
My, = 4.0026 amu) 


(A) 10.24 MeV. 
(C) 5.27 MeV. 


(B) 0 MeV. 
(D) 4 MeV. 


. A radioactive element gets spilled over the 


floor of a room. Its half-life period is 30 days. If 
the initial activity is ten times the permissible 
value, after how many days will it be safe to 
enter the room? 


(A) 1000 days 
(C) 10 days 


(B) 300 days 
(D) 100 days 


Read the following statements and assign as 
True (T) and False (F): 


(i) The half-life period of a radioactive ele- 

ment X is same as the mean-life time of 

another radioactive element Y. Initially 

both of them have the same number of 

atoms. Then Y will decay at a faster rate 

than X. 

The electron emitted in beta radiation 

originates from decay of a neutron in a 

nucleus. 

(iii) The half-life of *At is 100 ms. The time 
taken for the radioactivity of a sample of 
*P At to decay to 1/16" of its initial value is 
400 ms. 

(iv) The volume (V) and mass (m) of a nucleus 
are related as V x m. 

(v) Given a sample of radius 226 having half- 
life of 4 days. The probability of nucleus 
disintegration within 2 half-lives is 3/4. 


(it) 


Select the correct code for above. 


11. 


12. 


13. 


14. 
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(A) TTTTT (B) TFTTF 
(C) FTFTF (D) FTTTF 


The analysis of a mineral of uranium reveals 
that ratio of mole of “Pb and **U in sample 
is 0.2. If effective decay constant of process 
“SU — Pb is A, then age of rock is 


1, 5 
1.4 
(c) zinz (D) zin( 2) 


The half-life of Tc is 6.0 h. The delivery of a 
sample of *Tc from the reactor to the nuclear 
medicine lab of a certain hospital takes 3.0 h. 
What is the minimum amount of ”Tc that must 
be shipped in order for the lab to receive 10.0 mg? 


(A) 20.0 mg (B) 15.0 mg 
(C) 14.1 mg (D) 12.5 mg 


The average (mean) life at a radio nuclide 
which decays by parallel path is 


A—-5B; A,=1.8 x 107s" 
2A—2>C; A,=10° s* 
(A) 52.63 s (B) 500s 
(C) 50s (D) None 


The radioactivity of a sample is R, at a time 
t, and R, at a time t.. If the half-life of the 
specimen is ¢, the number of atoms that have 
disintegrated in the time (¢, — ¢,) is equal to 

(A) (Rit, — Rt) (B) (R, -R,) 

(C) (R,-R,)/t (D) (R, - R,)t/0.693 


Multiple Correct Choice Type 


15. 


16. 


A stable nuclide, in general, may have 


(A 


a 


even number of protons and even number 
of neutrons. 

odd number of protons and odd number 
of neutrons. 

odd number of protons and even number 
of neutrons. 

equal numbers of protons and neutrons. 


(B) 
(C) 


(D) 


5) Th decays to °Pb through a number of 


a and # emissions. Which of the following is 
true? 


(A) Number of a-particles emitted is 8. 
(B) Number of -particles emitted is 6. 
(C) Number of -particles emitted is 8. 
(D) Number of a-particles emitted is 6. 
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17. Which of the following nuclides is/are likely to 


be stable? 
(A) 3;P (B) Mg 
(C) jy In (D) 4g Cd 


18. Ina nuclear reactor heavy water is used to 


(A) transfer the heat from the reactor. 

(B) provide high speed neutrons for the fis- 
sion reaction. 

(C) reduce the speed of fast moving electrons. 

(D) increase the speed of neutrons. 


Assertion-Reasoning Type 
Choose the correct option from the following: 


(A) Statement 1 and Statement 2 are True, 
Statement 2 is the correct explanation of the 
Statement 1. 

(B) Statement 1 and Statement 2 are True, 
Statement 2 is NOT a correct explanation of 
the Statement 1. 

(C) Statement 1 is True, Statement 2 is False. 

(D) Statement 1 is False, Statement 2 is True. 


19. Statement 1: a@ rays can be stopped by air easily. 
Statement 2: a rays are made of helium nuclei. 


20. Statement 1:The reaction $B — §Be takes place 
due to positron decay. 
Statement 2: n/p ratio increases in the above 
change. 


Comprehension Type 


Paragraph | 


Radioactivity was discovered by Henri Becquerel 
in 1896, while investigating any possible relation 
between fluorescence and X-rays. A crystal of 
potassium uranyl sulphate was used as a source of 
fluorescence material. On exposure to sunlight, it 
emitted radiations which could penetrate paper, 
glass and aluminium sheets and ionize gases. These 
types of radiations were also observed in darkness. 
Nature and origin of these radiations were investi- 
gated by Becquerel, Rutherford, Pierre Curie and 
Marie Curie. Uranium changed to thorium during 
the emission of these radiations. 


21. Consider following radioactive transformation: 
ey ere ag 
B: Th —> 2Pa 


C:2°Th —> Th 


Types of particles emitted are 
(A) @, a, B (B) a, B, B 
(C) & By (D) o, a, 
22. How many o-and f-particles are emitted dur- 
ing following disintegration? 
Th —> 2°Pb 
(B) 6a, 6B 
(D) 4a, 48 


(A) 7a, 6B 
(C) 6a, 7B 


23. Which is not the radioactive change in the 
following? 


(A) 
(B) 
(C) 
(D) 


P= Nee 
ZAI + $He —> 2P + jn 
Al +3 }H —>AIH, 


i Na + [H —> {Na+ }H 


Paragraph Il 


Earth’s atmosphere is constantly being bombarded 
by cosmic rays of extremely high penetrating power. 
These rays, which originate in outer space, consist 
of electrons, neutrons, and atomic nuclei. One of 
the important reactions between the atmosphere 
and cosmic rays is the capture of neutrons by atmo- 
spheric nitrogen (nitrogen-14 isotope) to produce 
the radioactive carbon-14 isotope and hydrogen. The 
unstable carbon atoms eventually form “CO,, which 
mixes with the ordinary carbon dioxide ('*CO,) in 
the air. As carbon-14 isotope decays, it emits B par- 
ticles (electrons). The rate of decay (as measured by 
the number of electrons emitted per second) obeys 
first-order kinetics. It is customary in the study of 
radioactive decay to write the rate law as: 


Rate = kN 


where k is the first-order rate constant and N the 
number of “C nuclei present. 

The carbon-14 isotopes enter the biosphere 
when carbon dioxide is taken up in plant photo- 
synthesis. Plants are eaten by animals, which exhale 
carbon-14 in CO,. Eventually, carbon-14 partici- 
pates in many aspects of the carbon cycle. The “C 
lost by radioactive decay is constantly replenished 
by the production of new isotopes in the atmo- 
sphere. In this decay-replenishment process, a 
dynamic equilibrium is established whereby the 
ratio of “C to °C remains constant in living mater. 
But when an individual plant or an animal dies, the 
carbon-14 isotope in it is no longer replenished, so 
the ratio decreases as “C decays. This same change 
occurs when carbon atoms are trapped in coal, 
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petroleum, or wood preserved underground and of Matrix-Match Type 
course, in Egyptian mummies. After a number of 


years, there are proportionately fewer “C nuclei in, 27, Match the parameters with their values. 
say, a mummy than in a living person. 


24. Rock (geological dating) is based on the elon] - Colum 
(A) measurement of **U/*Pb ratio eee enon ae ete 
: constant 


(B) measurement of amount of “Ar gas that ; 
escapes, and comparing the amount of (B) Euetab ele (q) 1 dps 
argon-40 with the amount of “K remain- (C) One curie 0.693 


(r) 


ing in the sample. his 
(C) both of the above. 
(D) none of the above. (D) One Becquerel (s) 3.7 x 10'° dps 
25. The half-life of “K is 1.26 x 10’ years and ratio 28. 
of “Ar/“K is 1.15 in the rock under study. Age Cane | Cohan il 


of the rock is (A) Nuclear fusion (p) 47 series 


ee ‘ee a > peas: ©) * Hf yeas. (B) Carbon dating  (q) (4n +3) series 
a tes eae ny Tea MY year (C) Thorium series (r) Age of dead 


. : 3 
26. Ra-226 decays with a half-life of 16 x 10 (D) Actinium series (s) Hydrogen bomb 
years. By using definition of curie, Avogadro’s 


number is 

(A) 6.1 x 10% (B) 6.0 x 10” 

(C) 6.5 x 10” (D) 5.9 x 10” 
Mole Concept-! 33. (B) 34. (A) 35. (C) 

36. A > (r);B > (s);C > (p);D > (t); E> (q) 
i me me ne - 37. A > (s);B > (q);C > (4);D > (p); E> (t) 
9 (D) 10.(B) 11. (©) 12. (A,B) 
13. (A,B,D) 14. (B,C) 15. (A,B) Gaseous and Liquid State 
16. (A,D) 17 (C) 18. (D) 19. (D) 1. (C) 2. (B) 3. (B) 4. (C) 
20. (B) 21. (C) 22. (D) 23. (C) 5. (D) 6. (D) 7. (A) £.(C 
24.(C) 25. (D) ~— 26. (C) 9 (A) 10.(A) 11. (A) 12. (B) 
27. A- (p,r,s);B — (q);C > (x);D > (p) 13.(B) 14.(C 15. (©) 16. (A,C) 
28. A > (r);B > (p);C > (q,s); D > (p,q,s) 17. (A,B) 18. (A,C) 19. (C) 20. (A) 
M..(C) 22 (A) 

Mole Concept-Il 23. A (r);B > (s);C > (p); D > (q) 
1. (A) 2 (© 3. (A) 4. (A) 24. A > (q);B > (1); C > (s); D > (t); E > (p) 
5. (C) 6. (A) 7. (B) 8. (B) 
9. (A) 10. (A) ‘11. (D) 12. (A) Solid State 
13.(B) 14 (A) 15.(A) 16. (B,C) 1. (D) 2(A) 3. (C) 4, (C) 
17. (A,C) 18. (A,C) 19. (B,D) 20. (B,D) 5, (D) 6. (C) 7. (B) 8. (A) 
21.(B) 22.(A) 23. (A) 24. (C) 9.(D) 10.(C) 11. (B) 12. (A,C) 
25.(B)  26.(A) 22 (D) 28% (C 13. (B,C) 14. (A,C,D) 15. (A, C) 
29.(D) 30. (B) 3. (B) 32. (C) 16. (B,C) 17.(C) 18. (C) 19. (A) 
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20.(C) 21 (B) 22 (A) 23.(C) 
24.(B)  25.(D) 26. (A) 

27. A => (t,s);B — (1,8); C > (p); D > (q) 
28. A > (p);B > (q,s);C > (1) 

29. A (p);B > (q,s); C > (r);D > (q,s) 


Atomic Structure 


1.(B) 2. (D) 3. (C) 4. (C) 
5.(A) 6. (D) 7. (A) 8. (A) 
9. (A) 10. (A) 11. (B) 12. (C) 
13. (C) 14. (A) 15. (D) 
16. (A, B,D) 17. (A,B) 

18. (B,C, D) 19. (A,B) 

20. (A, C, D) 21. (B) 

22. (B) 23. (D) 

24, (A) 25. (A) 

26. (B) 27. (D) 

28. (A) 29. (C) 

30. (B) 31. (D 


32. A (r);B > (q);C > (s);D > (p) 
33. A> (r);B > (q,r); C > (q,s); D > (p,q) 


Chemical Bonding 


1.(D) 2. (D) 3. (C) 4. (C) 
5.(C) 6. (A) 7 (C) 8. (A) 
9. (A) 10. (D) 11. (C) 12. (B) 
13.(D) 14. (D) 15. (B) 16. (A) 
17. (B) 18. (D) 19. (B) 20. (B) 


21. (B,C, D) 22. (A, B,C) 

23. (B, D) 24. (C,D) 

25. (A,C, D) 26. (C) 

27. (B) 28. (A) 

29. (A) 30. (A) 31. (A) 32. (A) 

33. (B) 34. (D) 35. (C) 36. (C) 

37. A (q,1,s);B > (p, q,1r, 8); (C) > (q, 8); 
(D) > (p.s) 


38. A — (p,q); (B) > (p,q, 1); (C) > (p,q, 1, 8); 
(D) > (p,q, r,s) 


Chemical Energetics 


1.(C) 2. (A) 3. (A) 4. (A) 
5.(C) 6. (A) 7. (A) 8. (D) 


21. (A,B) 22. (A,B,C,D) 23. (A,B) 
24. (D) 25. (E) 26. (A) 27. (E) 
28. (A) 29. (A) 30. (B) 31. (B) 


Telegram @unacademyplusdiscounts 


34. A > (p,q,1,s);B > (1,q);C > (p,q);D > (1,8) 
35. A > (s);B > (1); C > (p); D > (q) 


Solutions 
iLO 26 3. (B) 4. (C) 
5.(D) 6. (B) 7. (C) 8. (A) 


31. (B) 32. (A 
33. (A)>(q); (B)>(P); (> Gs); > (p) 


Chemical Equilibrium 


1.(B) 2. (B) 3. (B) 4, (A) 
5.(B) 6. (A) ee (Ge 8. (B) 

9. (C) 10. (A) 11. (D) 12. (D) 

13. (A) 14. (D) 15. (C) 16. (A,C) 
17. (A,C,D) 18. (C,D) 19. (C) 

20. (D) 21. (C) 22. (C) 23. (A) 

24. (B) 25. (A) 26. (B) 27,.(C) 

28. A — (p,q,1,s);B — (q);C > (p,q,1,8);D > (p,q,r) 
29. A — (r);B > (p,q); C > (q,s);D > (p,r) 


lonic Equilibrium 


1.(C) 2. (A) 3. (B) 4. (A) 
5. (A) 6. (A) 7. (A) 8. (A) 
9. (A) 10. (C) 1. (A) ‘12. (A) 
13. (A) 14. (B) 15.(A) 16. (B) 


45. A > (q);B > (s);(C) > (p,q,r);D > (p) 
46. A > (q);B > (1); (C) > (s); (D) > (p) 
47. A > (r);B > (s); (C) > (p); (D) > (q) 


Electrochemistry 
1. (A) 2. (A) 3. (C) 4. (A) 
5.(C) 6. (B) 7. (D) 8. (D) 


9.(C) 10. (B) 11. (B) 12. (A) 
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13. (A) 14.(C) 15. (C) 16. (B) 
17. (A) 18. (A) 19. (A,D) 20. (A,C) 
21. (A, B,D) 22. (B,C, D) 23. (A,C) 
24. (A,B, C,D) 25. (D) 26. (B) 
27. (B) 28. (D) 29. (D) 30. (C) 
31. (B) 32. (D) 33. (A) —- 34. (C) 
35. (B) 


36. A > (p,q,1r);B > (p,q,1r); C > (p,r); D> 
(p, q. 1) 

37. A> (p,q,1,8);B > (p,q); C > (p,q, 1,8);D > 
(p,q, T, S) 

38. A > (p,s);B > (q,1r); C > (p,s); D > (q,s) 


Chemical Kinetics 


1.(B) 2. (B) 3. (B) 4. (A) 
5.(C) 6. (A) 7. (B) 8. (B) 
9.(C) 10. (B) 11. (D) 12. (B) 
13.(D) 14. (C) 15.(A) 16. (A) 
17.(B) 18. (A,D) 19 (B,C) 20. (A.C) 
21. (A, B,D) 2.40) 23. (B) 
24. (C) 25. (A) 26. (A) 27. (B) 


31. A (p,q,1,s); B > (q, 14,8); C > (p,q, 1,8); 
D-> (rs) 

32. A > (s);B > (1); C > (p); D > (q) 

33. A > (p,q);B > (1, p); C > (s) 
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Surface Chemistry 

1.(C) 2. (A) 3. (B) 4. (A) 

5. (C) 6. (C) 7. (A) 8. (B) 
9.(C) 10. (C) 11. (C) 12. (B,C,D) 
13. (A,B,C) 14. (B,C,D) 15. (A, B) 
16. (A,B,C) 17. (A,C) 18. (C,D) 
19. (A) 20. (A) 21. (A) 22. (A) 

23. (A) 24. (B) 25. (A) 26. (C) 

27. (A) 


28. A (p,q);B > (1); C > (q, t); D > (s); E> (u) 
29. A — (q);B > (q); C > (s); D > (4); E > (t) 


Nuclear Chemistry 


1(D) 2(© 3. (B) 4. (A) 
5.(B) 6. (A) 7. (B) 8. (A) 
9.(D) 10. (A) 11. (D) 12. (C) 
13.(C) 14. (D) 15. (A,D) 16. (B,D) 
17. (B,D) 18. (A,C) 19. (B) 20. (B) 
21. (C) 22. (A) 23. (C) 24, (C) 
25. (B) 26. (A) 


27. A (r);B > (p); C > (s);D > (q) 
28. A > (s);B > (r);C > (p); D > (q) 
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Additional 


Practice 
Problems 


MOLE CONCEPT-I 


1. 


In a certain region of space there are only 5 
molecules per cm’ on an average. The tempera- 
ture is 3 K. What is the average pressure of this 
very dilute gas? 


A sample of clay was partially dried and then 
contained 50% silica and 7% water. The original 
clay contained 12% water. Find the percentage 
of silica in the original sample. 


Zinc metal reacts with hydrochloric acid by the 
following reaction: 


Zn(s) + 2HCl(aq) > ZnCl,(aq) + H,(g) 


If 0.30 mol Zn is added to hydrochloric acid 
containing 0.52 mol HCl. How many moles of 
H, are produced? 


10 mL of a mixture of CH,, C,H, and CO, were 
exploded with excess of air. After explosion, 
there was contraction of 17 mL on cooling and 
after treatment with KOH, there was further 
reduction of 14 mL. What is the composition of 
the mixture? 


A mixture of FeO and Fe,O, when heated in 
air to a constant weight, gains 5% in its weight. 
Find the composition of the initial mixture. 
(Fe = 56, O = 16) 


Reaction of 1g of a sample containing, NaCl, 
NaBr and inert material, with excess of 
AgNO,, produces 0.526g of precipitate of 
AgCl and AgBr. By heating this precipitate, in 
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a current of chlorine, AgBr converted to AgCl 
and the precipitate then weighted 0.426g. 
Find the percentage of NaCl and NaBr in the 
sample. 


One liter of milk weighs 1.035 kg. The butter 
fat is 4% in volume of milk and has density of 
875 kg m™. Find the density of fat free skimmed 
milk. 


Polyethylene can be produced from CaC, 
according to the following sequence of 
reactions. 

CaC, + H,O > CaO + C,H, 


C,H, + H, — C,H, 
nC,H, > (CH,CH.,),, 
Calculate the mass of polyethylene which can 


be produced from 20 kg of CaC,. Assume that 
the % yield of each step is 50%. 


MOLE CONCEPT-II 


9. A 0.5 g sample of an iron-containing mineral 


mainly in the form of CuFeS, was reduced suit- 
ably to convert all the ferric iron into ferrous 
form and was obtained as a solution. In the 
absence of any interfering matter, the solution 
required 42 mL of 0.01 M K,Cr,O, solution for 
titration. Calculate the percentage of CuFeS, in 
the mineral. (At. wt. of Cu = 63.5, Fe = 55.8, S = 
32, O = 16) 
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10. 


11. 


12. 


13. 


14. 


15. 


16. 


One liter of O, at STP was passed through 
an ozonizer when the resulting volume was 
888 mL at STP. This quantity of ozonized oxy- 
gen was passed through excess of KI solution. 
Calculate the weight of I, liberated. Given the 
reaction: 


O,+2KI+ H,O > 2KOH +1,+ O, 


A 0.5 g sample containing MnO, is treated 
with HCl, liberating Cl,. The Cl, is passed into 
a solution of KI and 30.0 cm’ of 0.1 M Na,S,O, 
are required to titrate the liberated iodine. 
Calculate the percentage of MnO, in the sam- 
ple. (At. wt. of Mn = 55) 


0.5 g mixture of K,Cr,O, and KMnO, was 
treated with excess of KI in acidic medium. 
Iodine liberated required 100 cm’ of 0.15 M 
sodium thiosulphate solution for titration. Find 
the percent amount of each in the mixture. (At. 
wt. of K = 39, Cr = 52, Mn = 55, Na = 23, S = 32) 


H,O, is reduced rapidly by Sn**, the products 
being Sn** and water. H,O, decomposes slowly 
at room temperature to yield O, and water. 
Calculate the volume of O, produced at 20°C 
and 1 atm when 200 g of 10% by mass H,O, in 
water is treated with 100 mL of 2M Sn* and 
then the mixture is allowed to stand until no 
further reaction occurs. 


A substance of crude copper is boiled in H,SO, 
till all the copper has reacted. The impuri- 
ties are inert to the acid. The SO, liberated in 
the reaction is passed into 100 mL of 0.4 M 
acidified KMnO, (SO, >SO;). The solu- 
tion of KMnO, after passage of SO, is allowed 
to react with oxalic acid and requires 25 mL 
of 1 M oxalic acid. If the purity of copper is 
95.25%, what was the weight of the sample? 


A mixture containing equal moles of CuS 
and Cu,S was treated with 100 mL of 15 M 
K,Cr,O,. The products obtained were Cr**, Cu* 
and SO,. The excess oxidant was reacted with 
50 mL of Fe™ solution of 25 mL of the same 
Fe™ solution required 0.3 M acidic KMnO,, the 
volume of which used was 20 mL. Calculate 
moles of each substance in original mixture. 


A 458 g sample containing Mn,O, was dis- 
solved and all manganese was converted to 
Mn”. In the presence of fluoride ion, Mn™ is 
titrated with 3 L of KMnO, solution (which 
was 1.25 N against oxalate in acidic medium), 
both reactants being converted to a complex of 
Mn (III). What was the percentage of Mn,O, in 
the sample? 


17. 


18. 
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0.5 g of fuming H,SO, (oleum) is diluted with 
water. The solution requires 30 mL of 0.4 N 
NaOH for complete neutralization. Find the 
percentage of free SO, in the sample of oleum. 


A 2.024 g sample containing Ba(SCN), was 
dissolved in a bicarbonate solution. 50 mL of 
1 N iodine solution was added, and the mix- 
ture was allowed to stand for 5 min. The solu- 
tion was then acidified, and the excess I, was 
titrated with 26 mL of 1 M sodium thiosul- 
phate. Write a balanced equation for the oxi- 
dation of SCN", SO} and HCN. Calculate the 
percentage of Ba(SCN), in the sample. 


LIQUID AND GASEOUS STATE 


19. 


20. 


21. 


22. 


2 mol of Ne gas and 5 mol of He gas, both sam- 
ples having average velocity 7 x 10° ms", are 
mixed. Find the average translational kinetic 
energy per mol of the given gas mixture (in 
joules). Report your answer as x where x = 
(average translational KE in joules) x 0.002. 
The reported answer should be up to the near- 
est integer. 


A 1 L gas mixture of CO, CO, and N, was 
mixed with 1 L O, and allowed to burn com- 
pletely. The product gas mixture, when passed 
subsequently through KOH solution and 
alkaline pyragallol solution, suffered a total 
contraction of 1.6 L. On the other hand, if the 
product gas mixture was mixed with excess 
of CO gas and again allowed to burn, the 
new product mixture suffered a contraction of 
2.3 L on passing through KOH solution. Find 
the volume percentage of CO in the initial 
mixture. Report your answer as y where y = 
(Volume % of CO)/10. 


A flask of 8.96 L capacity contains a mixture of 
N, and H, at 273 K and 1 atm pressure. If the 
mixture is made to react to form NH, gas at 
the same temperature, the pressure in the flask 
reduces to 0.85 atm. Find the partial pressure 
of NH, gas in the final mixture in atm. Report 
your answer as y where y = (Partial pressure of 
NH,) x 20. 


Find the number of diffusion steps required to 
separate the isotopic mixture initially contain- 
ing some amount of H, gas and 1 mol of D, 
gas in a container of 3 L capacity maintained 
at 24.6 atm and 27°C to the final mass ratio 


w 
ta equal to a 
Wu, 4 
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23. 


24. 


25. 


26. 


27. 


What is the ratio of the number of molecules 
having speeds in the range of 2u,,, and 2u,,, + du 
to the number of molecules having speeds in 
the range of w,,,, and w,,,, + du? 


One mol of an ideal gas is subjected to a pro- 
cess in which p = TT V, where p is in atm and 


V in L. If the process is operating from 1 atm 
to finally 10 atm (no higher pressure achieved 
during the process) then what would be the 
maximum temperature obtained and at what 
instant will it occur in the process? 


A mixture of H,O(vap), CO, and N, was 
trapped in a glass apparatus with a volume of 
0.731 mL. The pressure of total mixture was 
1.74 mm Hg at 23°C. The sample was trans- 
ferred to a bulb in contact with dry ice (—75°C) 
so that H,O(vap) are frozen out. When the 
sample returned to normal value of tempera- 
ture, pressure was 1.32 mm Hg. The sample was 
then transferred to a bulb in contact with liq- 
uid N, (-95°C) to freeze out CO,. In the mea- 
sured volume, pressure was 0.53 mm Hg at 
original temperature. How many moles of each 
constituent are present in the mixture? 


Radius of a spherical molecule of a gas is 
2 x 10* cm. Calculate: 


(a) co-volume per molecule. 
(b) co-volume per mole. 
(c) critical volume. 


A gas is present in a container connected to 
frictionless, weightless piston operating always 
at one atmosphere pressure such that it per- 
mits flow of gas outside (with no adding of 
gas). The graph of n vs. T (Kelvin) was plotted 
and was found to be a straight line with coordi- 
nates of extreme points as (300, 2) and (200, 3). 
Calculate: 


(a) relationship between n and T. 
(b) relationship between V and T. 


(c) maxima or minima value of V. 


SOLID STATE 


28. 


Metallic gold crystallizes in the face-centered 
cubic lattice. The length of the cubic unit cell 
a=4.070A. 


(a) What is the closest distance between gold 
atoms? 


29. 


30. 


31. 


32. 


33. 
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(b) How many nearest neighbors does each 
gold atom have at the distance calculated 
in (a)? 

What is the density of gold? 


Prove that the packing fraction for gold, 
the fraction of the total volume occupied 
by the atom themselves, is 0.74. 


(c) 
(d) 


Find the size of largest sphere that will fit in 
the octahedral void in an ideal fcc crystal as 
a function of atomic radius r. The insertion of 
this sphere into void does not distort the fcc 
lattice. Calculate the packing fraction of fcc lat- 
tice when all the octahedral voids are filled by 
this sphere. 


Potassium crystallizes in a body-centered cubic 
lattice with edge length,a =5.2 A. 


(a) 


What is the distance between nearest 
neighbors? 


What is the distance between next nearest 
neighbors? 


(b) 


How many nearest neighbors does each K 
atom have? 


How many next nearest neighbors does 
each K atom have? 


What is the calculated density of crystal- 
line potassium? 


If NaCl is dopped with 10° mol % SrClL, what 
is the numbers of cation vacancies per mole of 
NaCl? 


The mineral hawleyite, one form of CdS, crystal- 
lizes in one of the cubic lattices, with edge length 
5.87 A. The density of hawleyite is 4.63 g cm”. 


(a) In which cubic lattice does hawleyite 
crystallize? 


(b) Find the Schottky defect in g cm™. 


A strong current of trivalent gaseous boron 
passed through a germanium crystal, decreases 
the density of the crystal due to partial 
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replacement of germanium by boron and due 
to interstitial vacancies created by missing 
Ge atoms. In one such experiment, one gram 
of germanium is taken and the boron atoms 
are found to be 150 ppm by weight, when the 
density of the Ge crystal decreases by 4%. 
Calculate the percentage of missing vacan- 
cies due to germanium, which are filled up by 
boron atoms. 


(At. wt. of Ge = 72.6, B = 11) 


ATOMIC STRUCTURE 


34. 


35. 


36. 


37. 


Find out the number of waves made by a Bohr 
electron in one complete revolution in its third 
orbit. 


In the assembly as shown in the figure below, 
the potential difference across the plates is 4 V. 
A positive particle of charge +4e is projected 
from the negative plate with an initial kinetic 
energy of 4 eV and the negative particle of 
charge (—2e) is projected from the positive 
plate. Both the particles reach point A with 
zero kinetic energy. Find the initial kinetic 
energy of the negative particle in eV. 


4V OV 


Electrons in a sample of H atoms make 
transitions from state n = x to some lower 
excited state. The emission spectrum from 
the sample is found to contain only the lines 
belonging to a particular series. If one of the 
photons had energy of 0.6375 eV, then, find 
the value of x. 


[Take 0.6375eV = : x 0.85 ev | 


A hydrogen like atom (atomic number Z) is 
in a higher excited state of quantum number 
n. This excited atom can make a transition to 
the first excited state by successively emitting 
two photons of energies 10.20 eV and 1700 eV 
respectively. Alternatively, the atom from the 
same excited state can make a transition to 
the second excited state by successively emit- 
ting two photons of energy 4.25 eV and 5.95 eV 


38. 


39. 


40. 


41. 


42. 
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respectively. Determine the values of m and Z 
(ionization energy of hydrogen atom = 13.6 eV). 


In a sample of hydrogen atom in ground state, 
electrons make transition from ground state 
to a particular excited state where path length 
is five times de-Broglie wavelength, electrons 
make back transition to the ground state pro- 
ducing all possible photons. If photon hav- 
ing second highest energy of this sample can 
be used to excite the electron in a particular 
excited state of Li* atom then find the final 
excited state of Li* atom. 


A chemist has one mole of H-atoms. He finds 
that on absorption of 410 kJ, half of X-atoms 
transfer one electron to the other half. If all the 
resulting X™ ions are subsequently converted 
to X° ions, an addition of 735 kJ is required. 
Find the electron affinity of X. 


(a) The wave function of 2s electron is given by 


It has a node at r = 7. Find relation 
between r, and a). 


(b) Find wavelength for 100 g particle moving 
with velocity 100 ms”. 
The radial wave function for 1s orbit for a 
single electron species is given by y,=ke? , 
where o= al and k is a constant (a, = radius 
NA, 

of first Bohr’s orbital in H-atom = 52.9 pm, 
n = principal quantum number). Calculate the 
most probable distance of 1s electron in Be** 
ion. Give your answer in the form of most 
probable distance in pm x 1000. 


Consider a sample containing 100 identical 
H-like atoms (hypothetical atoms, Z can be 
fractional) such that: 


(i) Out of the given atoms, some are in 
ground state and some others are in a 
higher energy level (nm = x) and the poten- 
tial energy of electron in the ground state 
of given atom is —192 eV. 


(ii) When the sample is exposed to radiations 
of wavelength 155 nm, the electrons jump 
to another higher energy level (n = x + 3). 


Upon back transition upto ground state, 
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43. 


44, 


45. 


46. 


47. 


48. 


a total of 10 different spectral lines are 
produced. 


Answer the following two questions: 


(a) What is the final state in which the elec- 
trons move after absorbing photons of 
wavelength 155 nm? 


What is the maximum number of atoms 
which had their electron in ground state 
initially? 

Take hc = 12400 eV/A. 


(b) 


Magnetic moment of X* ion of 3d series is 
35 B.M. What is atomic number of X**? 


Two hydrogen atoms collide head on and end 
up with zero kinetic energy. Each then emits 
a photon with a wavelength 121.6 nm. Which 
transition leads to this wavelength? How fast 
were the hydrogen atoms travelling before the 
collision? (Given: R,, = 1.097 x 10” m™ and 
My, = 1.67 x 10°’ kg.) 


1.53 g of hydrogen is excited by irradiation. At 
a certain instant, 10% of the atoms are at the 
excited level of energy —328 kJ mol and 2% 
of the atoms are at the excited level of energy 
-146 kJ mol". The remaining atoms are in the 
ground state. Calculate how much energy will 
be evolved when all the excited atoms return 
to the ground state. 


The photochemical dissociation of oxygen 
results in the production of two oxygen atoms, 
one in the ground state and one in the excited 
state O, —“+ O + O*. The maximum wave- 
length A, needed for this is 174 nm and the 
excitation energy of O > O° is 3.15 x 10°” J. 
How much energy in kJ mol" is needed for the 
dissociation of one of oxygen into normal (i.e., 
ground state) atoms? 


Electrons of energy 12.1 eV are fired at 
the hydrogen atom in a gas discharge tube. 
Determine the wavelength of the lines that can 
be emitted by hydrogen. 


A single electron atom has nuclear charge +Ze 
where Z is atomic number and e is electronic 
charge. It requires 472 eV to excite the elec- 
tron from the second Bohr orbit to third Bohr 
orbit. Find: 


(a) The atomic number of element. 


(b) The energy required for transition of elec- 
tron from third to fourth orbit. 


49. 


50. 


51. 
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(c) The wavelength required to remove elec- 
tron from first Bohr orbit to infinity. 


(d) The kinetic energy of electron in first 
Bohr orbit. 


The de Broglie wavelength of electron of He* 
ion is 3.329 A. If the photon emitted upon 
de-excitation of this He* ion is made to hit 
H-atom in its ground state so as to liberate 
electron from it, what will be the de-Broglie’s 
wavelength of photoelectron? 


The subshell that arises after f is called g 
subshell. 


(a) 


How many g orbitals are present in the g 
subshell? 


(b) 


In what principal electronic shell, would the 
g subshell first occur and what is the total 
number of orbitals in this principal shell? 


Quantum efficiency, ¢ is defined as 


_ No.of molecules reacted 


~ No.of photons absorbed 


A glass vessel containing large quantities of 
H,(g) and CL(g) is irradiated with a wave- 
length of 500 nm with a quantum efficiency 
equal to 10*. The entire vessel absorbed 10 J 
of energy. After the irradiation the gas mixture 
remaining in the vessel is washed with 100 L of 
water thoroughly. What will be the pH of the 
wash water in nearest possible integer? 

(Given: N, = 6 x 10°;c=3 x 10°ms"'; 

h = 6.625 x 10" Js) 


CHEMICAL BONDING 


52. 


Give explanation for the following. 


(a) BeCl, shows a high degree of covalence 
in its reactions, whereas BaCl, is predomi- 


nantly ionic. 


The H—P—H angle in PH, is smaller 
than that H—N—H angle in NH,. 


The bond angle in H,S is smaller than that 
in H,O. 


(b) 


(c) 


(d) The hydrogen bonding in HF is stronger 
than in H,O but the boiling point of water 


is 100°C, while that of HF is only 19.5°C. 


The boiling points of water (100°C) and 
HF (19.5°) are quite high as compared to 
NH, which is only —33.4°C. 


(e) 
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53. 


54. 


55: 


(f) 


Carbon-oxygen bond lengths in formic 
acid are 1.23 A and 1.36 A and both oxy- 
gen bonds in sodium formate have the 
same value, that is, 1.27 A. 


(g) Valency of oxygen is generally two 
whereas sulphur shows valency of two, 


four and six. 


(h) 


Three carbon oxygen bonds are having 
equal length in carbonate ion. 


(i) Although Cl has the same electronegativ- 
ity as nitrogen but it does not form effec- 
tive H-bonding. 


Bond order in N, is 3 whereas it is 2.5 in NO. 


The super oxides KO,, RbO,, and CsO, 
are paramagnetic. 


(ij) 
(k) 


(J) Sigma bond is stronger than z-bond. 


NF, is weaker base than NH,, NCI,, NBr;, 
and NI,. 


— 


(m 


(n) NO molecule is paramagnetic. 


Assuming the additivity of covalent radii in the 
C—I bond, what would be the iodine-iodine 
distance in each of the following di-iodobenzenes? 
Assume that the ring is regular hexagon and 
that each C—I bond lies on a line through the 
center of the hexagon. (Take C—C bond-length 
= 1.40 A, radius atom = 1.33 A, radius of carbon 


atom = 0.77 A.) 
(b) (7 


(a) 
| 


Co 
I 
(c) ios 
I 

Carbon has maximum covalency of four. 


Explain the covalency of carbon in the given 
compound. 


HHH 
H3C CH, 
H3C CHg 
Cc 
/ | \ 
H H 
H 


Dipole moment of H,O is 1.85 D. If bond angle is 
105° and O—H bond length is 0.94 A, determine 
the magnitude of the charge on the oxygen atom 
in the water molecule. 


56. 


57. 


58. 


59. 


60. 
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Dipole moment of HX is 2.59 x 10° Cm. 
Bond length of HX is 1.39 A. Calculate per- 
centage ionic character of molecule. 


Azobenzene, (C,H.),N,, is an important start- 
ing material in the production of dyes. 


(a) Describe the hybridization scheme for the 
atoms marked with (*). 


(b) Indicate the value of the bond angles 
labeled a and £. 


Describe and compare the geometries of the 
molecules and the hybridization of the car- 
bon and boron atoms in F,C—=C=—CF, and 
F,B—C==C—F,B. Compare the relative orien- 
tation of the sets of fluorine atoms in the two 
cases. In which case is it impossible for all four 
fluorine atoms to lie in the same plane? 


A diatomic molecule has a dipole moment of 
1.2 D. If the bond distance is 1.0 A, what fraction 
of an electronic charge, e, exists on each atom? 


The HF, ion exists in the solid state and also 
in liquid HF solution, but not in dilute aqueous 
solution. Explain. 


CHEMICAL ENERGETICS 


61. 


62. 


3.5 g of a fuel (with molecular weight 28), was 
burnt in a calorimeter and raised the tempera- 
ture of 1 g water from 25°C to 673°C. If all the 
heat generated was used in heating water, cal- 
culate heat of combustion of fuel. 


An ideal monoatomic gas is working substance 
in a Carnot cycle shown below. 


A 


> os 


D 
Cc 


—» V 


Gas absorbed 160 J heat during isothermal 
reversible process from A to B. Volume of gas 
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63. 


64. 


65. 


66. 


is 2 L at B and it changes to 16 L during adia- 
batic expansion from B to C. Some heat is lost 
by gas during isothermal compression from C 
to D and then gas reaches to state A from D 
through adiabatic compression. Amount of heat 
lost by working substance during compression 
C to D is given to another monoatomic ideal 
gas G undergoing an expansion from 2 L to 5 
L in a process defined as p = V’. Find change in 
temperature of gas G. 


A certain amount of ideal gas, present in a 
uniform, piston-fitted cylinder is allowed to 
expand under reversible, isothermal condition, 
to a final state and deliver some work on the 
surroundings. The height of piston before and 
after expansion was 10 cm and 50 cm, respec- 
tively. By what distance, the piston will be 
required to move in upward direction so that 
half of the work of the previous process is 
delivered. 


Consider an ideal gas contained in a cylinder 
and separated by a frictionless adiabatic piston 
into two sections, A and B. Section B is in con- 
tact with water bath that maintains it at con- 
stant temperature. Initially, 


T, = T, = 300 K, V, = V, = 2.00 L and 
Ny, = Ng = 2.00 mol 

Heat is supplied in section A and the gas 
expands, moving the piston to the right, that is, 
compressing section B until the final volume in 
section B is 1.00 L. Using C,,,, = 20 J K' mol". 
Calculate: 

(a) 
(b) 
(c) 
(d) 


Calculate the resonance energy of N,O from 
the following data: 


the work done by the gas in section A. 
AU (change in internal energy) in section B. 
q for the gas in section B. 


AU for gas in section A and q for gas in A. 


A, H°(N,O) = 82 kJ mol"; A,H°®(N=N) 946 kJ 
mol’; A,H°(N=N) 418 kJ mol‘; A;H°(O=O) 
498 kJ mol"; A,H°(N=O) 607 kJ mol 


Consider a class room that is roughly 5 m x 10 m 
x 3 m. Initially, T= 20°C and p = 1 atm. There 
are 50 people in the class, each losing energy 
to the room at the average rate of 150 watt. 
Assume that the walls, ceiling, floor, and fur- 
niture are perfectly insulated and do not 
absorb any heat. How long will the physical 
chemistry examination last if the professor 
has foolishly agreed to dismiss class wh 


67. 


68. 


69. 
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the air temperature in the room reaches body 
temperature, 37°C? For air, C, = ; R. Loss of 


air to the outside, as the temperature rises may 
be neglected. 


One mole of a perfect monoatomic gas is put 
through a cycle consisting of the following 
three reversible steps: 


T, T, 
(20, 1) (20, 10) 
Ay ]B 


(i) Isothermal compression from 2 atm and 
10 Lto 20 atm and 1 L. 


(ii) Isobaric expansion to return the gas to the 
original volume of 10 L with T going from 
T, to T,. 


(iii) Cooling at constant volume to bring 
the gas to the original pressure and 
temperature. 


The steps are shown schematically in the 
above figure. 


(a) Calculate 7, and T,,. 


(b) Calculate AU, g and w in calories, for each 
step. 
Find value of AG, for following transformation 
H,O()) > H,O(s) 
T=263.15K T=263.15K 
(1 mol) 
Given: C, of H,O(1) = 75.312 JK‘ mol™ 
C, of H,O(s) = 36.401 J K* mol 
A... H =— 6008.2 J mol'; In aes 


me 263.15 


= 0.0373 


10 g of neon initially at a pressure of 506.625 
kPa and temperature at 473 K expands adia- 
batically to a pressure at 202.65 kPa. Calculate 
the entropy change of the system and total 
entropy change for the following ways of car- 
rying out this expansion. 


(a) 
(b) 


Expansion is carried out reversibly. 


Expansion occurs against a constant 
external pressure of 206.65 kPa 
(c) 


Expansion is a free expansion. 
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70. 


71. 


72. 


73. 


74. 


75. 


76. 


Only N,, CO and CO, gases remain after 0.72 g 
of carbon is treated with 1 L of air at 27°C and 
4.92 atm pressure. Assume air composition 
O, = 0%, N, = 79% and CO, = 1% (by 
volume). The heat evolved (in kcal) under 
constant pressure is: 


Given: 
C+0O, —> CO,, AH=-100kcal mol’ 
C+0,—>CO, AH=-25kcal mol" 


Heat supplied to the carnot engine is 373 kJ. 
How much useful work in kJ can be done 
by engine which works between 10°C and 
100°C? 


A liquid in container is compressed from 
(2 atm, 1 L) to (10 atm, 0.5 L) isothermally 
where it absorbs 200 J heat and work done 
on the system is 500 J. Calculate the enthalpy 
change of process in kJ. (1 atm x 1 L= 100 J). 


Reaction of gaseous fluorine (F,) with com- 
pound X yields a single product Y, whose mass 
precent composition is 61.7%F and 38.3% Cl. 
Calculate A ,H° (in kJ mol) for the synthesis 
of Y using following information 


2CIF, (g) + O, (g) = ClO (g) + OF, (g); 
A, H° = 205.6 kJ 


2CIF,(g) + 20,(g) ——> ClO(g) + 30F,(g); 
A, H? = 533 kJ 


A, H°(OF,, g) = 24.7 kJ mol" 


The heat of combustion of ethene gas is 330 
kcal mol". Calculate bond 


pes: =C< energy (in kcal mol) of compound 
assuming that bond energy of C—H bond is 
93.6 kcal mol”. 


Given: A,H° for CO, (g) and H,O (1) are -94.2 
and —61 kcal mol” respectively. Heat of atomi- 
zation of carbon and hydrogen are 150 and 
51.5 kcal mol” respectively. 


1 mol of a liquid of molar volume 100 mL is 
kept in an adiabatic container under a pres- 
sure of 1 bar. The pressure is steeply increased 
to 100 bar. Under this constant pressure of 
100 bar, the volume of the liquid decreases by 
1 mL. Calculate AU and AH of the process. 


The state of a mole of an ideal gas changed 
from state A (2p, V) through four different 
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processes and finally returns to initial state A 
reversibly as shown below. 


Se B 
I : 
pP pP aaa i} ig 
i} | 
I i} 
E! 1 
0 V 2V 
v— 


Calculate the total work done by the system 
and heat absorbed by the system, in the cyclic 
process. 


SOLUTIONS 


77. A current of dry air is passed through a bulb 
containing 5 g of a solute in 100 g of water and 
then through water alone. The losses in weight 
of the solution and pure water were respec- 
tively 0.78 g and 0.02 g. Calculate (a) relative 
lowering of vapor pressure and (b) molecular 
weight of solute. 


78. 1000 g of 1 molal sucrose solution in water 
is cooled to —3.534°C. What weight of ice 
would be separated out at this temperature? 
K, (H,O) = 1.86 K kg mol". 


79. A 10% solution of cane sugar has undergone 
partial inversion according to the reaction: 


Sucrose + Water ——> Glucose + Fructose 
If the boiling point of solution is 100.27°C. 


(a) What is the average mass of the dissolved 
materials? 


(b) What fraction of the sugar has inverted? 
K,(H,O) = 0.512 K moI' kg 


80. A complex is represented as CoCl,-xNH,. Its 
0.1 molal solution in aqueous solution shows 
AT, = 0.558°C. K, for H,O is 1.86 K mol" kg. 
Assuming 100% ionization of complex and 
coordination number of Co as six, calculate 
formula of the complex. 


81. A mixture of two immiscible liquids (water 
and nitrobenzene) boils at 372 K and the 
vapor pressure at this temperature are 97.7 kPa 
(H,O) and 3.6 kPa (C,H;NO,). Calculate the 
weight % of nitrobenzene in the vapor. 
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82. 


83. 


84. 


85. 


The vapor pressure of a certain liquid is given 
by the equation: 


log,)p = 3.54595 — 


ard +1.40655 log,,T 

T 
where p is the vapor pressure in mm of Hg 
and T is temperature in Kelvin. Determine the 
molar latent heat of vaporization as a function 
of temperature. Calculate its value at 80 K. 


K,Fe(CNe) 
Area of en ae 
cross He [222 2M 2222] Pure 
section eRe uaae 
wionem®| )oros =o 2 
A D F 
</> 


CD : Fixed wall, EF : semipermeable mem- 
brane (SPM), fixed wall : allows the pres- 
sure transfer but no mass transfer. If 16 g of 
helium is present in ABCD chamber, calculate 
the length of this chamber in cm if no osmo- 
sis takes place through SPM EF. Assume 75% 
ionization of K,[Fe(CN),]. 


If osmotic pressure of 1 M aqueous solution 
of H,SO, at 500 K is 90.2 atm. Calculate K,, of 
H,SO,. Give your answer after multiplying 1000 
with K,,, assuming ideal solution. (Given: K,, of 
H,SO, is infinity, R = 0.082 L atm mol’ K™.) 


Assume liquefied petroleum gas (LPG) is a 50 
—50% mol mixture of n-pentane and n-butane. 
Calculate the calorific value (in kJ mol") of 
gas available from a newly filled cylinder. 


n-butane, C,H,, -pentane, C.H,, 


Vapor 1800 torr 600 torr 
pressure 

Calorific 2800 kJ mol! 3600 kJ mol! 
value 


CHEMICAL EQUILIBRIUM 


86. 


When NO and NO, are mixed, the following 
equilibrium is obtained: 

2NO, == N,0O; K, = 6.8 atm” 
and NO+NO, == N.O, 
In an experiment when NO and NO, are 
mixed in the ratio of 1 :2 the final pressure was 


5.05 atm and the partial pressure of N,O, was 
1.7 atm. Calculate: 


87. 


88. 


89. 


90. 
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(a) the equilibrium partial pressure of NO. 
(b) K, for NO +NO, =——N,O, 


In a vessel, two equilibria are simultaneously 
established at the same temperature as follows: 


N,(g) + 3H,(g) —— 2NH,(g) 
N,(g) + 2H,(g) —— N,H,(g) 


Initially the vessel contains N, and H, in the 
molar ratio of 9 : 13. The equilibrium pres- 
sure is 7p), in which pressure due to ammonia 
is p, and due to hydrogen is 2p,. Find the val- 
ues of equilibrium constants (K,) for both the 
reactions. 


Two solids X and Y dissociate into gaseous 
products at a certain temperature as follows: 
X(s) —= A(g) + C(g) and 
Y(s) == B(g) + C(g). 
At a given temperature, pressure over excess 


solid X is 40 mm and total pressure over solid 
Y is 60 mm. Calculate: 


(a) 


the values of K, for two reactions (in 
mm’). 


(b) 


the ratio of moles of A and B in the vapor 
state over a mixture of X and Y. 


(c) 


the total pressure of gases over a mixture 
of X and Y. 


When 1 mol of A (g) is introduced in a closed 
rigid 1 L vessel maintained at constant temper- 
ature, the following equilibria are established. 


A(g) B(g) + C(g): Ke 
C(g) D(g) + B(g): Keo 


The pressure at equilibrium is twice the ini- 


— 
—— 


— 
—— 


A Ke . 
tial pressure. Calculate the value of if 
[Clg _ 1 . 


[B]., 2 
Solid NH,I on rapid heating in a closed ves- 
sel at 357°C develops a constant pressure of 
275 mm Hg due to partial decomposition of 
NH,I into NH, and HI but the pressure gradu- 
ally increases further (when the excess solid 
residue remains in the vessel) due to the dis- 
sociation of HI. Calculate the final pressure 
developed at equilibrium. 


NH,I(s) == NH,(g) + HI(g) 
2HI(g) ——_ H,(g) + L(g); Ke = 0.065 at 357°C 
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IONIC EQUILIBRIUM 


91. 


92. 


10 mL of 0.2 M H,SO, is mixed with 20 mL of 
0.2 M Ba(OH), solution, the solution obtained 
is filtered and the obtained solution after fil- 
tering is reacted with some of 20 mL of 0.2 M 
CH,COOH solution. Calculate pH of final 
solution. (Given pK, ¢cy,coon = 4-74) 


Calculate the pH of a 0.15 M aqueous solution 
of AICI,. [Given: log 2 = 0.3, log 3 = 0.48.] 


[A(H,0),}”" + H,O() == [AI(H,0),OH]” (aq) 


93. 


94. 


95. 


96. 


97. 


98. 


99. 


+ H,O* (aq), K, = 1.5 x 10°. 


50 mL of 0.1 M H,PO, is titrated against 0.1 M 
NaOH. Calculate the pH when volume of 
NaOH added is 


(i) OmL (ii) 25 mL (iii) 50 mL 

(iv) 75 mL (v) 90 mL (vi) 100 mL 
(vii) 125 mL (viii) 50mL (ix) 200 mL 
(Given: For H,PO, pK,,=3, pKy»=7% pK,= 11.) 


2 x 10* mol of Mn* and Cu” each is present 
in 1 L solution of 10° M HCIO,, which is sat- 
urated with H,S. Whether or not each of the 
ions will be precipitated? Given that concen- 
tration of H,S in its saturated solution is 0.1 M. 


K uys(overal) = 10%, Keiea= 22 4% 10” and 
K,cus) = 8.5 x 10°. 
Calculate the solubility of AgCN in a buffer 


solution of pH = 3. Given that Ky (ascn) = 1.2 
x10", K =4.8x10". 


Calculate the solubility of MnS in a buffer of 
pH = 6. Given that for H,S, K,,= 107” and 
K,.= 10 and solubility of MnS in water is 


10° M. 


Equal volumes of 0.02 M AgNO, and 0.02 M 
HCN was mixed. Calculate [Ag*] at equilibrium. 
Given K,jj4)= 4 x 10, K =4x10". 


sp(AgCN) 
The equilibrium constants for amino acids 
are given in terms of successive ioniza- 
tion constants of the protonated form, for 
example, equilibrium constants for glycine 
(NH,CH,COOH) are K,, = 5 x 10° M and 
K,, = 2 x 107° M. What will be the pH at the 
isoelectric point for this amino acid and pH 
of 0.02 M protonated glycine in pure water 
respectively? [Take log 2 = 0.30] 


a(HCN) 


HCN’ 


Given: 


Zn(OH),(s) —— Zn(OH), (aq); K,= 10° 


Zn(OH), (aq) ——[Zn(OH)]* + OH (aq); K, = 107 


[Zn(OH)} (aq) 7ni* 4 rei re ce maaan maa 


y 
11 
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[Zn(OH), ](aq) + OH” ——[Zn(OH),]°; K, =10° 
[Zn(OH),] (aq) + OH” —[Zn(OH),]*"; K, = 10 


Find out the negative of logarithm of the sol- 
ubility of solid Zn(OH), at 25°C at pH = 6. 
Consider that Zn(OH), makes saturated solu- 
tion at 25°C. 


100. What is the solubility (in 10~* mol L) of TIN, 
in a solution prepared by shaking excess of 
TIN, and T1,PO,.The solution produced con- 
tains 1 m mol of PO} per 200 mL solution. 
K,, (TIN) = 5.6875 x 10~. 


ELECTROCHEMISTRY 


101. The overall formation constant for the reac- 
tion of 6 mol of CN’ with cobalt(II) is 1x10”. 
Calculate the formation constant for the 
reaction of 6 mol of CN” with cobalt(III). 
Given that: 

Co(CN);” + e —> [Co(CN),]*; E°= -0.83 V 
Co? + e—> Co” E° = 1.82 V 
102. EMF diagram for iron is given as follows: 


FeO; E°=+2.20V 5 Fe** E°=+0.77V > 


(Fe=+6) (Fe=+3) 
Fe2* —22=0445V_, pag? 
ae SS 
(Fe=+2) (Fe=0) 


= 0 
Determine the value of Ee or aoe 


103. The conductivity of a saturated aqueous 
solution of Ag,C,O, is 3.8 x 10° ohm cm! 
at 25°C. Determine the molar conductiv- 
ity of oxalate ion. Given that, at 25°C, con- 
ductivity of water is 6.2 x 10° ohm’ cm", 
molar conductivity of Ag* at infinite dilution 
is 62 ohm™' cm’ mol" and K,, of Ag,C,O, is 
11x10"? 


104. In two vessels, each containing 500 mL water, 


0.5 m mol of aniline (K, = 10”) and 25 m mol 
of HCl are added separately. Two hydrogen 
electrodes are constructed using these solu- 
tions. Calculate the EMF of cell made by con- 
necting them appropriately. 


105. Consider the following cell at 25°C 
Ag|AgBr(s), Br ||AgCl(s), Cl|Ag at 25°C. 
The solubility product constants of AgBr and 
AgCl are respectively 5 x 10° and 1 x 10°”. 
For what ratio of the concentrations of Br 
and Cl ions would the EMF of the cell be 
zero? 


scounts 


106. 


107. 


108. 


109. 


Dissociation constant for [Ag(NH,),]° into 
Ag* and 2NH, is 6 x 10°. Calculate E° for the 
following half reaction, 


Ag(NH,); + e — Ag + 2NH, 
Ag’ +e — Ag; E° = 0.799 V 


In the acid base titration [H,PO,(0.1 M) 
+ NaOH (0.1 M)], EMF of the solution is 
measured by coupling these electrodes with 
suitable reference electrode. When alkali is 
added pH of solution is in accordance with 
equation, F,.,, = E2,,+ 0.059 pH. For H,PO,, 
Ky= 107K, 210K = 10" 

What is the cell EMF at the second end point 
of the titration if E°,, at this stage is 1.3805 V. 


cell 


A fuel cell uses CH, (g) and forms COF at 
the anode. It is used to power a car with 80 A. 
For 0.96 h, how many liters of CH, (g) (STP) 
would be required? (V,, = 22.4 L mol") 
(F = 96500). Assume 100% efficiency. 


Small spherical ball of silver metal is used in 
jewellery having diameter 0.1 cm, is obtained 
by the electrolytic deposition. If the total 
number of balls in jewellery is 10,000, then 
calculate the applied amount of electricity 
in coulombs, which is used on the deposition 
on electrodes having entire surface 0.12 m’. 
[Density of Ag = 10.5] 


It is assumed that 3.5% electricity consumed 
as wastage during electrolysis and 60% of 
electrode body immersed in electrode. [Give 
your answer in multiple of 10*.] 


CHEMICAL KINETICS 


110. 


111, 


112. 


For the reactions of I, II and II orders, k, = 
k, = k, when concentrations are expressed in 
mol L. What will be the relation in k,, k,, k;, 
if concentration are expressed in mol mL"'? 


For the reaction A — B, the rate law expres- 


sion is [A] = 


k[A]'”. If initial concentration 
of A is Ap. Calculate: 

(a) integrated form of the rate expression. 
(b) nature of plot of [A]'” vs. time. 

(c) 


The specific rate constant of the decompo- 
sition of N,O, is 0.008 min’. The volume of 
O, collected after 20 min is 16 mL. Find the 


half-life period. 


113. 


114. 


115. 


116. 


117. 


118. 
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volume that would be collected at the end of 
reaction. NO, formed is dissolved in CCl,. 


A definite volume of H,O, undergoing 
spontaneous decomposition required 22.8 cm* 
of standard permanganate solution for 
titration. After 10 and 20 min respectively the 
volumes of permanganate required were 13.8 
and 8.25 cm’. 


(a) Find order of reaction. How may the 
result be explained? 

(b) Calculate the time required for the 

decomposition to be half completed. 

(c) Calculate the fraction of H,O, decom- 

posed after 25 min. 


At 100° C, the gaseous reaction A > 2B + C 
was observed to be of first order. On start- 
ing with pure A it is found that at the end of 
10 min the total pressure of system is 176 mm 
Hg and after a long time 270 mm Hg. From 
these data find 


(a) initial pressure of A. 

(b) the pressure of A at the end of 10 min. 
(c) the specific rate of reaction. 

(d) the half-life period of the reaction. 


For a_ reversible first-order reaction 
A===B; k, = 107s" and [B].,,/[A].,, = 4. If 


[A], = 0.01 mol L™ and [B], = 0, what will be 
the concentration of B after 30 s? 


If a reaction A — Products, the concentra- 
tions of reactant A are C,, aC,, a’C,, a°C,, «... 
After time interval 0, f, 2t, 3t, ..... where ais a 
constant. Given 0 < a < 1. Show that the reac- 
tion is of first order. Also find out the relation 
between k, a and ¢. 


For the reaction given below, rate constant 
for disappearance of A is 748 x 10° s’. 
Calculate the time required for the total pres- 
sure in a system containing A at an initial 
pressure of 0.1 atm that rise to 0.145 atm and 
also find the total pressure after 100 s. 


2A(g) — 4B(g) + C(g) 


The reaction A(aq) > B(aq) + C(aq) is moni- 
tored by measuring optical rotation of reac- 
tion mixture at different time interval. The 
species A, B and C are optically active with 
specific rotations 20°, 30° and —40° respec- 
tively. Starting with pure A, if the value of 
optical rotation was found to be 2.5° after 
6.93 min and optical rotation was —S° after 
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119. 


120. 


121, 


infinite time. Find the rate constant for first 
order conversion of A into B and C. 


The decomposition of a compound P, at tem- 
perature T according to the equation 


2P(g) > 4Q(g) + R(g) + SC) 


is the first order reaction. After 30 min from 
the start of decomposition in a closed vessel, 
the total pressure developed is found to be 
317 mm Hg and after a long period of time 
and total pressure observed to be 617 mm Hg. 
Calculate the total pressure of the vessel after 
75 min, if volume of liquid S is supposed to be 
negligible. Also calculate the time fraction 1,,.. 


Given: Vapor pressure of S(1) at temperature 
T = 32.5 mm Hg. 


A certain reactant B”’ is getting converted 
to B”*” in solution. The rate constant of 
this reaction is measured by titrating a vol- 
ume of the solution with a reducing reagent 
which only reacts with B”* and B'"***. In this 
process, it converts B’* to B”** and B’*** 
to B”*. At t= 0, the volume of the reagent 
consumed is 25 mL and ¢ = 10 min, the vol- 
ume used up is 32 mL. Calculate the rate 
constant of the conversion of B”™ to B”*** 
assuming it to be a first order reaction. 


For the mechanism A + B —= CC 3D 


(a) Derive the rate law using the steady-state 
approximation to eliminate the concen- 
tration of C. 


(b) Assuming that k, « k,, express the pre- 
exponential factor A and EF, for the 
apparent second-order rate constant in 
terms of A,, A, and A, and E,,, E,, and E,, 
for the three steps. 


SURFACE CHEMISTRY 


122. 


123. 


The pressure of the gas was found to 
decrease from 720 to 480 mm. When 5 g sam- 
ple of activated charcoal was kept in a flask 
of one liter capacity maintained at 27°C and 
the density of charcoal is 1.25 g mL™'. What is 
the volume of gas adsorbed per gram of char- 
coal at 480 mm? 


Coagulation value of the electrolytes AICI, 
and NaCl for As,S, sol are 0.093 and 52 
respectively. How many times AICI, has 
greater coagulating power than NaCl? 


124. 


125. 


126. 


127. 


128. 
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Graph between log x/m and log p is straight 
line inclined at an angle of 45°. When pres- 
sure is 0.5 atm and Ink = 0.693, what will be 
the amount of solute adsorbed per gram of 
adsorbent? 


The density of gold is 19 g cm™. If 1.9 x 10“ g 
of gold is dispersed in one liter of water to 
give a sol having spherical gold particles of 
radius 10 nm, what will be number of gold 
particles per mm’ of the sol? 


100 mL of a colloidal solution is completely 
precipitated by addition of 0.5 mL of 1 M 
NaCl solution. Calculate the coagulation 
value of NaCl. 


On addition of the 1 mL solution of 10% 
NaCl to 10 mL gold sol in the presence of 
0.00399 g of starch, calculate the gold number. 


Coagulation experiment, 5 mL of As,S, is 
mixed with distilled water and 0.01 M solu- 
tion of an electrolyte AB so that total vol- 
ume is 10 mL. It was found that all solution 
containing more than 5 mL of AB coagulates 
within 5 min. What is the flocculation value of 
AB for As,S, sol? 


NUCLEAR CHEMISTRY 


129, 


130. 


131. 


132. 


133. 


134. 


A sample of radioactive '*I gave with Geiger 
counter 3150 counts per minute at a certain 
time and 3055 counts per minute exactly one 
hour later. Calculate the half-life period of I. 


For “Na, ¢,, = 14.8 h. In what period of time 
will a sample of this substance lose 90% of its 
radioactive intensity? 


*’Y has a half-life of 64 h and “Sr, 28 years. 
"Sr decays to “Y by f-emission. What will 
be the amount of ”’Y in equilibrium with 1 g 
of Sr? 


A sample of U** (half-life = 4.5 x 10° year) 
ore is found to contain 23.8 g of U** and 
20.6 g of Pb”. Calculate the age of the ore. 


Consider the following reaction: 
°*H, + 7H, = “He, + O 
Mass of the deuterium atom = 2.0414 u; Mass 


of the helium atom = 4.0024 u. Find ‘Q’ 


The binding energy per nucleon for *H, and 
“He, are 1.1 MeV and 70 MeV respectively. 
Find the energy released when the two deu- 
terons fuse to form a helium nucleus. 
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ANSWER KEY 


Mole Concept-l! 

1. 2.04x107 atm =- 2. 4731% ~— 3. 0.26 
4. CH, =45 mL, C,H, = 4 mL, CO, = 1.5 mL 
5. FeO = 20.25%, Fe,0O, = 79.75% 

6. NaCl = 4.21%, NaBr = 23.1% 


7. 1041.67 kg m®> 8. 1.09375 kg 
Mole Concept-ll 
9, 92.4% 10. 2.54 11. 13.05% 


12. % of K,Cr,O, = 14.64%: % of 
KMn0O, = 85.36% 


13.4.669L 14. 0.5¢ 
16. 50% 17, 78.22% 


18. SCN” +31, +4H,O > SO? + HCN+7H* +61; 
25% 


15. 0.06 


Liquid and Gaseous State 


19. 5 20. 6 21. 3 22.4 
23. 0.199 24. 10000 K 25. 1.7x 10° 
26. (a) 1.34 x 10°” cm’ (b) 80.71 cm? (¢) 242.13 cm* 


-T -RT’ 


& =— +5 — 
27 (a) n= Te (b) V2 + SRT 


(ec) 51.3125 L 


Solid State 
28. (a)2.878A (b)12 (c)19.4gcem™ (d) 0.7405 
29. 0.414 r, 79.3% 
30. (a) 4.5A (b) 5.2A 
(d) 6 (e) 0.92 gcm™ 
31. 6.02 x 10 mol! 
32. (a) 3.90 (b) 0.120 g cm® 
33. 2.376% 


(c)8 


Atomic Structure 
34.(3) 35. (6) 
37. Z=3;n=6 


36. (8) 


38. 12 39. 325 kJ mol 


40. (a) r,=2a, (b) 6.626x10-° m 


41. 13225 42. (a)6 ~(b)96 = 43. - 26 
44.n=1ton=2;4.423 x 10'ms". 
45.186kJ 46. 498.22 kJ mol! 
47, 1212 A, 1022 A,5545A 
48. (a) 5 (b) 23.9 x 10° J 

(c)36.5A  (d)5.45 x 10°” erg 
49.2.351A  50.(a) 9 (b) 25 = 511. 2.06 


Chemical Bonding 

53. (a)3.50A (b)6.06A (c)70A 

55. 3.23 x 10’ esu 56. 11.65% 

57. (a) each sp’ hybridized (b) a= B= 120° 
59. 25% 


Chemical Energetics 


61. —338.4kcal 62. AT= 7” 63. 12.36 cm 
64. (a) w, =-3458 J; (b) AE, = 0; 


(c) dy =-3457J 
(d) q, = 27458 kJ; AE, = 24kJ 
65.-88k] 66. 6.86 min 
67. (a) T, = 243.60 K, T, = 2436.0 K 


(b) in path CA w = +1122.02 cal, AE =0,q =w 
in path AB w = -4384.9 cal, AE = +65772 
cal, q = 10962.1 calin path BC w =0,q=AE 
= —65772 


68. -211.62 J 
69. (a) AS ys = 0; AS sure = 0; AS otal = 0 


(b) AS,,= 0.957 JK; AS,,,, = 0; 
AS a= 0.957 J K™ 


(c) AS, =3.81 J KAS 
70. 3 kcal 71. 9kJ 72. 1kJ 73. 24.7 kJ 
74, 122 kcalmol' 75. AU=10J and AH =990J 
76. w=-pV;q=pV 


surr — 0; AS otal = 3.81 J kK” 
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Solutions Chemical Kinetics 
TT. 36 78. 352.98 g 110. k, = 10°; k, = 10° k, 
79. (a) 210.65 (b) 62.35% 

80. [Co(NH,).CI]Cl, 81. 20.11% 


82. AH,, at 80 K is 1659.1 calorie; 
AHy = R [2.303 x 313.7 + 1.406557] (9 (92 = 2U=—) av 
k 


83. 1=5 84. 0.3 85. 2978.6 kJ mol. 


WL. (a) k,=2 (4)? - Ain) 


(b) linear with negative slope 


112. 108.48 mL 

113. (a)1 (b) 13.71 min (ce) 0.715 

114. (a) 90 mm (b) 47 mm 
(c) 0.065 min™ (d) 10.677 


Chemical Equilibrium 
86. (a) 1.05 atm, (b) 3.43 atm 


ae a 2.303, 1 
20 p2? 20 pe 115. 0.0025m 116. k = “~—log— 
a 


88. (a) 400 mm’, 900 mm’ (b) 4:9 (c) 72.15 mm g 
89. 4 90. 337 mm Hg 


117. 0.180 atm, 4769 s 118. 0.1 min” 
119. p, = 379.55 mm Hg, ty. = 399.96 min 


lonic Equilibrium 120. 0.0207 min” 
91.882 92. pH=2.82 121, (a) ©) _ H(A). 
dt k, +k, 
93.(a)2 (b)3 (c)5 (7 (e) 76 aK 
()9 (g)11 (h) 117 (i 123 (b) FE, =£,,+E,,;-E,3A= — 
2 


94. CuS will be precipitated 
95.5=5x10° 96. 332x10°M 97 19% Surface Chemistry 
122. 100.08mL 123.560 124.1 


125. 2.4 x 10° 126.5 127. 4 128. 5 


98. 2 99.1 100. 1.75 x 107% mol L" 


Electrochemistry 


101. 5.64x 10° 102. 184V Nuclear Chemistry 
103.103 Q'cm’? mol! —-104.. 0.395 V 129, 22.63 years 130. 49.17 h 
105. [Br] : [Cl] =1:200 131. 2.609x10*g 132.4.5 x 10° years 


106. 0.373V 102 2V  1088L =: 109.5 133. 24-134. 23.6 MeV 
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PAPER I (CHEMISTRY) 


SECTION 1 
e This section contains SIX (06) questions. 
¢ Each question has FOUR options for correct answer(s). ONE OR MORE THAN ONE of these four option(s) is (are) 
correct option(s). 


1. The compound(s) which generate(s) N, gas upon thermal decomposition below 300°C is (are) 
(A) NH,NO, (B) (NH,),Cr,O, (C) Ba(N,), (D) Mg,N, 


Solution 


(B) (C) Ammonium salts decompose quite readily on heating. If the anion is more oxidizing (e.g. NO; ,Cr,O; ) then 
NH; gets oxidized to N, or N,O. 


NH,NO, —&> N,O+ 2H,O 
(NH, )o Cr,O, et N, F 4H,O + Cr,O, 


Ba(N,), —““> Ba + 3N, 
Mg,N, is an ionic compound, therefore, will not decompose at 300°C. 


2. The correct statement(s) regarding the binary transition metal carbonyl compounds is (are) (Atomic numbers: Fe = 26, 
Ni = 28) 
(A) Total number of valence shell electrons at metal centre in Fe(CO), or Ni(CO), is 16. 
(B) These are predominantly low spin in nature. 
(C) Metal—carbon bond strengthens when the oxidation state of the metal is lowered. 
(D) The carbonyl C—O bond weakens when the oxidation state of the metal is increased. 


Solution 


(B) (C) Option (A): Incorrect. Total number of valence shell electrons in Fe(CO), [8 + 5 x 2 = 18] and Ni(CO), 
[10+4x2= 18] is 18. 

Option (B): Correct. CO being a strong field ligand cause pairing of electrons. Hence, both the complexes formed 
are low spin in nature. 

Option (C): Correct. CO ligand not only donates the lone pair of electrons to the central atom but also accept the elec- 
tron cloud from the central atom in their low-lying vacant orbitals. This kind of back donation is known as ‘synergic 
effect’ or ‘synergic bonding. In case of CO, the back donation to the 7” orbital of central atom may be depicted as: 


r* 


-_M- <—— :¢=0: <—» mM=c=0 


1" 


Greater the electron density on the metal atom, that is, lower the oxidation state of the metal, greater will be the back 
donation hence stronger will be the M—C bond. 

Option (D): Incorrect. When the oxidation state of metal increases its tendency to accept the electrons from C of CO 
increases but tendency to donate the electrons from M to C decreases consequently M—C bond strength decreases 
and C—O bond strength increases. 
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3. Based on the compounds of group 15 elements, the correct statement(s) is (are) 
(A) Bi,O, is more basic than N,O,. 
(B) NF, is more covalent than BiF,. 
(C) PH, boils at lower temperature than NH,. 
(D) The N—N single bond is stronger than the P—P single bond. 


Solution 


(A) (B) (C) Option (A): Correct. The basicity of oxides usually increases on descending a group. Therefore, Bi,O, 
is more basic than N,O,. 

Option (B): Correct. Covalent nature of a molecule depends on the electronegativity difference between bonded 
atoms. 

Option (C): Correct. Boiling point of NH, is more than that of PH, due to hydrogen bonding. 

Option (D): Incorrect. P—P single bond is stronger than N—N single bond. This is due to the fact that N is small in 
size, due to smaller size of atoms lone pair of repulsion will be more. 


4. In the following reaction sequence, the correct structure(s) of X is (are) 


aN, 
x LPB ELO ~~ 
Z.Nal, Meco. 
3. NaN,, HCONMe, 


Enantiomerically pure 


SOP NH RAY 
MH Me Nou 


Solution 
(B) 


Me | Me N 
- NaN,, \ 3 
ee S HCONMe S 
——_—_> 
Eo” O ~CH,COCH, COCH, (Sy2) 
(Sy2) (Sy 2) 


5. The reaction(s) leading to the formation of 1, 3, 5-trimethylbenzene is (are) 


O + 
(A) Pe Conc. H,SO, (B) Me ——_——_. H Heated iron tube 
A ee 873 K 
O 
CHO 
1. Br,, NaOH 
(C) a2 HO8 (D) 
3. Sodalime, A Zn/Hg, HCI 
OHC CHO 
O O 
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Solution 
(A) (B) (D) 

CH, 

O 
Conc. H,SO, 
3 CH, C CH, Heat 
CHé CH, 
CH, 


3H 


Heated iron 
—_—_—_—— 
CH, “tube 873K iol 
CH CH, 


— + 
O O-Na 
1. Br,/NaOH 
ae 
(Haloform reaction) Na-O O- Na* 
2. H,O* 
O OH 
i 3. Sodalime 
——— a 
een HO OH 


6. A reversible cyclic process for an ideal gas is shown below. Here p, V, and T are pressure, volume and temperature 
respectively. The thermodynamic parameters g, w, H and U are heat, work, enthalpy and internal energy, respectively. 


A(p,,V,7,)  C(p,, V,, T) 


= 

oO 

& 

a 

$s 

B (p,, V,, T,) 
Temperature (7) 

The correct option(s) is (are) 
(A) dgc = AU ge and Way = p,(V,— Vi) (B) We = p2(V,— V,) and gg¢ = AH, 


(C) AH, <AU cy and duc = AU ge (D) dace = AHgc and AHe,> AU cx 
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Solution 
(B) (C) We know AU =q+w and w =—pAV 


In the above figure, A-C is isochoric, A-B is isothermal and B-C is isobaric process. Therefore, for an isochoric 
process AC, we have 


Gace = AU yo = ncy ,(T, -T,)=AU 5 
For an isobaric process BC, we have 
AIgc = AH gc = NC ym (Ty —T,)=AH, 


Ware =—P2(V, -V2) = pV, —-V,) 
AH, = nC, (7, -T,) and AU,, = nC, (7, -T,) 


Cc 


p,m 


Since, T, > T,, therefore, AH, and AU,, are negative. 
AH «x = AU, +V Ap 
As Ap <0, therefore, AH, < AU,,. 


SECTION 2 
¢ This section contains EIGHT (08) questions. The answer to each question is a NUMERICAL VALUE. 


7. Among the species given below, the total number of diamagnetic species is ‘ 
H atom, NO, monomer, O, (superoxide), dimeric sulphur in vapor phase, Mn,O,, (NH,),[FeCl,], (NH,).[NiCl,], 
K,Mn0O,, K,CrO, 
Solution 


(1) The paramagnetic species are H atom, NO, monomer, O, (superoxide), dimeric sulphur in vapor phase, Mn,O,, 
(NH,),[FeCl,], (NH,),[NiCl,] and K,MnO,. 
The diamagnetic species is K,CrO,. 


8. The ammonia prepared by treating ammonium sulphate with calcium hydroxide is completely used by NiC1,-6H,O 
to form a stable coordination compound. Assume that both the reactions are 100% complete. If 1584 g of ammo- 
nium sulphate and 952 g of NiCl,-6H,O are used in the preparation, the combined weight (in grams) of gypsum and 


the nickel-ammonia coordination compound thus produced is : 
(Atomic weights in g mol': H=1,N= 14, O= 16, S = 32, Cl = 35.5, Ca = 40, Ni = 59) 


Solution 
The reactions involved are as follows: 


(NH, ),SO, + Ca(OH), > CaSO, -2H,O +2NH, 


NiCl,-6H,O + 6NH, > [Ni(NH,),]Cl, +6H,O 


From the above reactions we can see that 
132 g of (NH,),SO, will produce 172 g of gypsum 


1584 g of (NH,),SO, will produce ae x 1584 = 2064 g of gypsum 
2064 
Therefore, number of moles of gypsum produced cos =12 mol 
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238 g of NiCl,-6H,O will produce 314 g of Ni-complex 
952 g of NiCl,-6H,O will produce x 952 =1256g of Ni-complex 
Therefore, number of moles of Ni-complex produced — = 4mol 


So, total mass of products is 12 x 172 (gypsum)+4 x 232 ([Ni(NH,), JCI, ) = 2992 g 


. Consider an ionic solid MX with NaCl structure. Construct a new structure (Z) whose unit cell is constructed from 


the unit cell of MX following the sequential instructions given below. Neglect the charge balance. 
(i) Remove all the anions (X) except the central one 

(ii) Replace all the face centered cations (M) by anions (X) 

(iii) Remove all the corner cations (M) 

(iv) Replace the central anion (X) with cation (M) 


number of anions ). . 
The value of - is 
number of cations 


Solution 

(3) Given that MX is an ionic solid having NaCl type structure having ccp. So, the anion X occupies all octahedral 
voids. The changes (i)-(iv) cause the following effects: 

(i) No. of anions left = 1 

(ii) No. of anions added by replacing face centered cations M = 3; No. of cations left = 1 

(iii) No. of cations left = 0 

(iv) No. of cations added = 1; No. of anions left = 3 


Finally, the unit cell contains 1 cation and 3 anions. So, 


number of anions 


The value o( in Z is 3. 


number of cations 


For the electrochemical cell, 

Mg(s) | Mg™ (aq, 1 M) II Cu** (aq, 1 M) | Cu(s) 
the standard emf of the cell is 2.70 V at 300 K. When the concentration of Mg” is changed to x M, the cell potential 
changes to 2.67 V at 300 K. The value of x is ‘ 


F 
(Given, e = 11500 K V", where F is the Faraday constant and R is the gas constant, In (10) = 2.30) 


Solution 
(10) The cell reaction is 
Mg(s)+ Cu*(aq, 1 M) > Mg**(aq, x M)+Cu(s) 
[Mg**] 
[Cu*] 


RT 
E E®, — 2.303 x —log 
2F 


cell = cell 


2.67 = 2.70 -2.303 x — 2? _og¢x) 
2 x11500 


_ 2.303 x3 


0.03 = logx => logx =1> x=10 
115 x2 
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11. A closed tank has two compartments A and B, both filled with oxygen (assumed to be ideal gas). The partition 
separating the two compartments is fixed and is a perfect heat insulator (Figure 1). If the old partition is replaced by 
a new partition which can slide and conduct heat but does NOT allow the gas to leak across (Figure 2), the volume 
(in m’*) of the compartment A after the system attains equilibrium is 


1m*°, 5 bar, 
400 K 3 m3, 1 bar, 300 K 
A B 


Figure 1 
Figure 2 
Solution 
(2.22) Using pV = nRT, we have 
In Figure 1, 
_ PAV 5 P3Vp 1 


In Figure 2, after equilibrium is attained, we have 


Py, = Py andT, =T, =T, so 
nRT _n,RT - 5 1 


V. V,  400R-V, 100R-V, 
=> 4V, =5V, 
3 4 20 3 
Now, Mase a BO Vn Nae Vig re ee 


12. Liquids A and B form ideal solution over the entire range of composition. At temperature 7, equimolar binary 
solution of liquids A and B has vapor pressure 45 torr. At the same temperature, a new solution of A and B 
having mole fractions x, and x,, respectively, has vapor pressure of 22.5 torr. The value of x,/x, in the new 
solution is 
(Given that the vapor pressure of pure liquid A is 20 torr at temperature 7) 


Solution 
(19) PaXq + PpXp = Pr = 45 
For equimolar binary solution, x, =x, = 0.5, so 
20x 0.5+ p, X 0.5 = 45 = 70 torr 
For the new solution, 
Ps + (P& -Pg)Xq = 22.5 > 70 + (20 — 70)x, = 22.5 > x, = 47.5/50 
xX, Xy 47.5/50 475 | 


Now, = = = = 
xX, 1-x, 1-(47.5/50) 2.5 


13. The solubility of a salt of weak acid (AB) at pH 3 is Y x 10° mol L"'. The value of Y is : 
(Given that the value of solubility product of AB (K,,) = 2x 107" and the value of ionization constant of HB (K,) 
=1x 10°) 
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UlalaGeinl 
Solution 
(4.47) The reactions are 
AB(s) = A*(aq) + B (aq) 


Ss S-x 
B (aq) + H* (aq) = HB 
S-x 10° 


Now, for HB, 
+ = 3 
_ [H"][B i (s—x)x10 
‘ [HB] 
>s-x=xx10° 
K, =[A*][B ]= S(S-—x)=2x10°° 


=10° 


Putting Sx = 210° in S* -Sx—2x10"" =0, we get 


S (k 10°)=4.47x107 M 
Alternate solution 


+ -3 
ss (eo( 11] = poxio"( 2 V(K 10°) =4.47x10° M 


a 


The plot given below shows p — T curves (where p is the pressure and T is the temperature) for two solvents X and 
Y and isomolal solutions of NaCl in these solvents. NaCl completely dissociates in both the solvents. 


NI 
op) 
[=) 


1. solvent X 


2. solution of NaCl in solvent X 


3. solvent Y 


Pressure (mmHg) 


4. solution of NaCl in solvent Y 


> 


Temperature (K) 


On addition of equal number of moles of a non—volatile solute S in equal amount (in kg) of these solvents, the eleva- 
tion of boiling point of solvent X is three times that of solvent Y. Solute S is known to undergo dimerization in these 
solvents. If the degree of dimerization is 0.7 in solvent Y, the degree of dimerization in solvent X is 


Solution 
(0.05) For solvent X, AT, = Ky m= 2=2K,,m (1) 
For solvent Y, AT,y = Ky m>1=2K,,m (2) 


Dividing Eq. (1) by Eq. (2), we get 
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After adding solute S, molality is the same for both solutions. So, we have 


For solvent X, van’t Hoff factor i= 1-5 


AT. =iK,, m= (i- 2) Km (3) 
For solvent Y, van’t Hoff factor i = 1— = = = 
: 1.3 
AT, =iK,y m => ae Kym (4) 


Given that A7,, = 3AT,,, . Dividing Eq. (3)/(4), we have 


SECTION 3 


¢ This section contains TWO (02) paragraphs. Based on each paragraph, there are TWO (02) questions. 
¢ Each question has FOUR options. ONLY ONE of these four options corresponds to the correct answer. 


PARAGRAPH “xX” 
Treatment of benzene with CO/HCI in the presence of anhydrous AICI,/CuCl followed by reaction with Ac,O/NaOAc 
gives compound X as the major product. Compound X upon reaction with Br,/Na,CO,, followed by heating at 473 K 
with moist KOH furnishes Y as the major product. Reaction of X with H,/Pd-C, followed by H,PO, treatment gives Z 
as the major product. 
(There are two questions based on PARAGRAPH “X”’, the question given below is one of them) 


15. The compound Y is 


OH Br 
AA 
SL COBr Br Zl COBr 
" Cy ~ si (0) (D) 
Br 
HO 0 
Solution 
(C) 
CH 
aa 
CHO COOH OH oO | 
Co/HC! Cs _» _Ac,0 BrJNa,CO, OH Moist 
* (Anhy.) AcONa > Br to 
ee 473 K 
(X) (Y) 
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PARAGRAPH “XxX” 


Treatment of benzene with CO/HCI in the presence of anhydrous AICI,/CuCl followed by reaction with Ac,O/NaOAc 
gives compound X as the major product. Compound X upon reaction with Br,/Na,CO,, followed by heating at 473 K 
with moist KOH furnishes Y as the major product. Reaction of X with H,/Pd-C, followed by H,PO, treatment gives Z 
as the major product. 

(There are two questions based on PARAGRAPH “X”’, the question given below is one of them) 


16. The compound Z is 


OH 
“CQ CD -CQ CD 
oO O O 


Solution 


(A) 
O 
O | 
II H,/Pd CH,— CH, — C — OH H,PO,/A 
CH=CH—C—OH ———~> ——> 
(X) 


PARAGRAPH “A” 


An organic acid P (C,,H,,O0.,) can easily be oxidized to a dibasic acid which reacts with ethylene glycol to produce a 
polymer dacron. Upon ozonolysis, P gives an aliphatic ketone as one of the products. P undergoes the following reaction 
sequences to furnish R via Q. The compound P also undergoes another set of reactions to produce S. 


1. H,/Pd-C 

2. NHJA 1. H/Pd-C 1. HCl 

3. Br,/NaOH 2. SOCI, 2. Mg/Et,O 
S< P > Q 

4. CHCI,, KOH, A 3. MeMgBr, CdCl, 3. CO, (dry ice) 

5. H,/Pd-C 4. NaBH, 4. H,0* 


(There are two questions based on PARAGRAPH “A”, the question given below is one of them) 


17. The compound R is 


(A) (B) see (C) (D) 


CO,H CO,H 
CO,H 
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Solution 
(A) 


I I H_OMcH, Hc Ht cl 


Hy sOcl, MeMgBr NaBH, HCl 
— ——_—_ ——_> —_— —_ 
Pd/C CdCl, 
(Q) 


CH, ie 
ee — COOMgC! CHMgCl 
(R) 
PARAGRAPH “A” 


An organic acid P (C,,H,,O,) can easily be oxidized to a dibasic acid which reacts with ethylene glycol to produce a 
polymer dacron. Upon ozonolysis, P gives an aliphatic ketone as one of the products. P undergoes the following reaction 
sequences to furnish R via Q. The compound P also undergoes another set of reactions to produce S. 


1. HJPd-C 

2. NHJA 1. H/Pd-C 1. HCI 

3. Br/NaOH 2. SOCI, 2. Mg/Et,O 
P——_> Q ——> R 

4. CHCI,, KOH, A 3. MeMgBr, CdCl, 3. CO, (dry ice) 

5. H,/Pd-C 4. NaBH, 4. H,O 


(There are two questions based on PARAGRAPH “A”’, the question given below is one of them) 


18. The compound S is 


NH, S 
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Solution 
(B) 


COOH COOH CONH, NHCH, 


H,/Pd-C NH/A Bry _By Bois ,/ 
NaOH Kon —— Cc 
a 
(P) 
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SECTION 1 
¢ This section contains SIX (06) questions. 
¢ Each question has FOUR options for correct answer(s). ONE OR MORE THAN ONE of these four option(s) is (are) 
correct option(s). 


1. The correct option(s) regarding the complex [Co(en)(NH,),(H,O)]* 
(en = H,NCH,CH,NH,) is (are) 
(A) It has two geometrical isomers. 
(B) It will have three geometrical isomers if bidentate ‘en’ is replaced by two cyanide ligands. 
(C) It is paramagnetic. 
(D) It absorbs light at longer wavelength as compared to [Co(en)(NH,),]**. 


Solution 
(A) (B) (D) Option (A): Correct. The complex [Co(en)(NH,),(H,O)]* has two following isomers: 


NH 
| °-NH, We NH, 

en .Co en Co 
\ | SNH, | SG 
2 

OH, H, 


Option (B): Correct. When bidentate ‘en’ is replaced by two cyanide ligands complex [Co(CN),(NH,),(H,O)]* will 
have three following isomers: 


+ + + 
OH, NH, 

NC. | NH NC. | 77 OH, HeNw | 7 OH, 
Co Co Co 

NC~ | SNH, NC~ | SNH, H,N~ | SNH, 
NH, NH, CN 


Option (C): Incorrect. In complex [Co(en)(NH,),(H,O)]**, Co is in +3 oxidation, that is, [Ar]d°. In the presence 
given ligands the complex will have low spin, hence, diamagnetic. 

Option (D): Correct. In complex [Co(en)(NH,) ‘a there is larger gap between 1,, and e, than in complex [Co(en) 
(NH,),(H,O)]**. Hence [Co(en)(N H,),(H,O)]* will absorb light at longer wavelength as compared to [Co(en)(NH,),]**. 


2. The correct option(s) to distinguish nitrate salts of Mn** and Cu™ taken separately is (are) 
(A) Mn™ shows the characteristic green color in the flame test. 
(B) Only Cu** shows the formation of precipitate by passing H,S in acidic medium. 
(C) Only Mn™ shows the formation of precipitate by passing H,S in faintly basic medium. 
(D) Cu”/Cu has higher reduction potential than Mn**/Mn (measured under similar conditions). 


Solution 


(B) (D) Option (A): Incorrect. Mn™* shows purple color in the flame test. 
Option (B): Correct. When H,S gas is passed through a solution containing Cu” in the acidic medium, black ppt. 
is obtained. 
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2 H,S 
Cu * ac? CuS 
(Black ppt.) 


Option (C): Incorrect. Both Mn™ and Cu**can form precipitate by passing H,S in faintly basic medium. 
Option (D): Correct. Higher reduction potential indicates higher tendency of Cu™* to gain the electrons. Cu ion on 
accepting the electrons gain stability due to fully filled d-orbital. 
Cu* + Cu Mn™* > Mn 
(d°s°) (d'°s') (d°s°) (d°s’) 
3. Aniline reacts with mixed acid (conc. HNO, and conc. H,SO,) at 288 K to give P (51%), Q (47%) and R (2%). The 
major product(s) of the following reaction sequence is (are) 


1. Ac,O, Pyridine 4. Sn/HCI 
2. Br,, CH,COOH 2. Br,/H,O(excess) Z 
R 3.H,0° *S— NaNO,, HCI/273-278 > Major product(s) 
4. NaNO,, HCI/273-278 K 4.H,PO, 
5. EtOH, A 
Br Br Br Br 
(A) nn (:) Br (C) (D) 
Br Br Br Br Br Br 
Br Br Br 
Solution 
(D) 
NH, NH, NH, NH, 
NO, 
Conc. HNO, 
Conc.H,SO, . . 
NO, 
NO, 
P Q R 
(51%) (47%) (2%) 
i i 
NH, NH—C—CH, NH—C—CH, 
NO, NO, NO, 
1.Ac,0 oes. 
Pyridine CH,COOH 
R 
( ) Br 
|: H,O* 
N3CI- NH, 
NO, NO, NO, 
5. EtOH 4. NaNO, 
A HCI/273- 
278K 
Br Br Br 
(S) 
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(A) (B) (C) (D) 
ce oa 
| ie 
om 2 | 
@ =~ s 
= = 
Time [Alo Time 
Solution 


(A) (D) The reaction can be represented as 


A(g) > 2B(g)+C(g) 


Att=0 Po 0 0 
Att=t,, py =e 0 0 
Att=t Po ~* 2x x 
Now, P= Py x4 2x tx x= EO 
Substituting in the expression t = din 2} we get 


( 
Po cai 2Po \ 
_P,=Po k Cae 
a me 


which can be rearranged as 


In(3p, — p,) =—kt +In2p, 


Telegran 


it 


Rate constant 


@unacademyplusdiscounts 


[Al 


Thus, the graph of In(3p, — p,) vs fis a straight line having negative slope —k and intercept In2p, as shown in (A). 
Also, as rate is independent of initial concentration, so the plot in option (D) is also correct. 


= 
(=) 


[A] / (mol L-*) 
[P] / (mol L-') 
ol 


. Fora reaction, A = P, the plots of [A] and [P] with time at temperatures 7, and T, are given below. 


Time Time 


If T,> T,, the correct statement(s) is (are) 


(Assume AH® and AS® are independent of temperature and ratio of InK at T, to InK at T, is greater than T,/T, Here 
H, S, G and K are enthalpy, entropy, Gibbs energy and equilibrium constant, respectively) 

(A) AH’<0,AS’<0 (B) AG’<0,AH*’>0 
(C) AG*’<0, AS’<0 (D) AG*<0,AS’>0 
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Solution 


(A) (C) As we increase the temperature, the concentration of the product reduces. This implies that the reaction is 
exothermic, and AH’ < 0. 


In K. 
—— >1>InK, >InK, > K, > K;, 


In 1, 

In K. T. 
But ae ees 

Ink, T, 


As AG = -RT In K, AG; < AG;, => AH; —TAS; < AH; -TAS?. 


This is only possible if AS’ < 0 
SECTION 2 
This section contains EIGHT (08) questions. The answer to each question is a NUMERICAL VALUE. 


7. The total number of compounds having at least one bridging oxo group among the molecules given below is 
N,O,, N,O,, P,O,, P,O,, H,P,0,, H;P,0,0, H,S,0,, H,S,0, 


Solution 
(5) 
fo) 
fo) 
ee Bp ue WY 
N—N Ps —O—N 
Ny ra NG 
le) 
N,O3 N,O5 P,O, P,O, 
oes a I ! | i I fl 
BOD) oe | OH ~“\No~ No ‘Son ye HO—S—S—OH 
4 H HO I 
OH OH OH O 
H,P,05 HsP3049 H,8,03 H,S,0, 


8. Galena (an ore) is partially oxidized by passing air through it at high temperature. After some time, the passage of 
air is stopped, but the heating is continued in a closed furnace such that the contents undergo self-reduction. The 
weight (in kg) of Pb produced per kg of O, consumed is ‘ 

(Atomic weights in g mol': O = 16, S = 32, Pb = 207) 
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Solution 

(6.47) The steps involved in the oxidation of galena (PbS) are as follows: 
2PbS+30, > 2PbO+ 2SO, 
2Pb0+ PbS—3Pb + SO, 

As per the above reactions, we can conclude that 


3 mol of O, produces 3 mol of lead 
96 kg of O, produces 621 kg of lead 


21 
Therefore, 1 kg of O, will produce x1=6.47kg of Pb. 


9. To measure the quantity of MnCl, dissolved in an aqueous solution, it was completely converted to KMnO, using 
the reaction, 
MnCl, + K,S,O, + H,O — KMnO, + H,SO, + HCl (equation not balanced). 
Few drops of concentrated HCl were added to this solution and gently warmed. Further, oxalic acid (225 mg) was 
added in portions till the color of the permanganate ion disappeared. The quantity of MnCl, (in mg) present in the 
initial solution is ‘ 
(Atomic weights in g mol': Mn = 55, Cl = 35.5) 


Solution 
(126) The balanced equation can be written as 


2MnCl, + 5K,S,O, + 8H,O > 2KMnO, + 4K,SO, + 6H,SO, + 4HCI 
2KMnO, +5H,C,O, +3H,SO, > K,SO, +2MnSO, +8H,0+10CO, 


Millimoles of KMnO, = Millimoles of H,C,O, 


22 
Millimole MnCl, x5 = (=) x2 


So, millimole of MnCl, = 1 = 126 mg. 
10. For the given compound X, the total number of optically active stereoisomers is 


HO HO 


X HO 


—aas This type of bond indicates that the configuration at the specific carbon and the geometry of the double bond 
is fixed. 

www This type of bond indicates that the configuration at the specific carbon and the geometry of the double bond 
is not fixed. 
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Solution 


(7) There are total 7 optically active stereoisomers. Their structures are as follows 


a oe OH 
OH | 
(optically inactive) (optically active) 
> 
a | : 
OH HO OH OH 
OH 
OH | 


(optically active) 


(optically active) 


Oli 
= 


OH 
OH 
OH 
(optically active) = (optically active) 
OH OH 


(optically active) (optically active) 


OH 


OH 


OH 


11. In the following reaction se sai the amount of D (in g) formed from 10 mol of acetophenone is 
(Atomic weights in g mol: 


=1,C=12,N= 14, O= 16, Br= 80. The yield (%) corresponding to the preddces in 
each step is given in the ere 


O 
NH,, Br, (3 equi 
— >A gs A B Br, /KOH c ne — D 
(60%) (50%) . 


(50%) (100%) 
Solution 
(495) 
Q COOH CONH, NH, 
Br. Br 
_NaOBr 5 PEIN /KOH Br, Br (3 equiv) equiv) 
to Oo" — AcOH 
Acetophenone 
(10 mol) (60%) (50%) 60%) Br 
D 
(100%) 
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The amount of D formed in mol is Bee ou ay 10 = 1.5mol 
100 100 100 


Amount of D in grams is = 1.5 x 330 g =495 g 


The surface of copper gets tarnished by the formation of copper oxide. N, gas was passed to prevent the oxide for- 
mation during heating of copper at 1250 K. However, the N, gas contains | mole % of water vapor as impurity. The 
water vapor oxidizes copper as per the reaction given below: 


2Cu(s) + H,O(g) > Cu,O(s) + H,(g) 
Pu, is the minimum partial pressure of H, (in bar) needed to prevent the oxidation at 1250 K. The value of In(p,, ) 
is, 2 
(Given: total pressure = | bar, R (universal gas constant) = 8 J K™ mol", In(10) = 2.3. Cu(s) and Cu,O(s) are mutu- 
ally immiscible. 


At 1250 K: 2Cu(s) + 7 O,(g) > Cu,O(s); AG° = -78,000 J mol! 


H,(g) + ; O,(g) — H,O(g); AG° =— 1,78,000 J mol; G is the Gibbs energy) 


Solution 
(-14.6) 
1 
2Cu(s) + 5 028) —> Cu,O(s); AG® =-—78,000 J mol” (1) 
1 
H,(g)+ Bae) >H,O(g); AG° =-1,78,000 J mol” 0) 
Subtracting Eq. (1) — Eq. (2), we get 
2Cu(s) + H,O(g) > Cu,O(s)+H,(g); AG® =+100000 J mol” (3) 
F Pu 
Now, AG = AG° + RT In| —~— 
Pu,o 


For the reaction (3) to not occur, 


Pu,o 


a> 00cac"+ er Es jo 


=> loo00 81250 Pry }> 0 


Pu,0 
= 100000+8x1250In| PH |, —100000 
Pu,o 8x 1250 


ra ee 
Pu,o 


In py, > —10+In py, 
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14. 


Now, Py,o = Xu,0 X Pr = 0.01X1= 107 
So, In py, >-10—21n10 > py, >—14.6 bar 


Consider the following reversible reaction, 


A(g) + B(g) = AB(g). 


The activation energy of the backward reaction exceeds that of the forward reaction by 2RT (in J mol’). If the pre- 
exponeneal factor of the forward reaction is 4 times that of the reverse reaction, the absolute value of AG? (in J 
mol") for the reaction at 300 K is 

(Given; In(2) = 0.7, RT = 2500 J mo!" at 300 K and G is the Gibbs energy) 


Solution 
(-8466 J mol’) AG® =-RT InK 
K. —E,, /RT 
where K=—= a 
K, A,e 2 


Now, given that A; =4A, and E, —E, =2RT. Substituting, we get 


(Eq, ~Eqg RT 


K, 
K=—t=4e =4e’ 


K, 
Therefore, AG? = —RT In(4e”) = —2500 x [In(4) + 2] = —8466 J mol”! 


Consider an electrochemical cell: A(s) | A"* (aq, 2 M) || B’”* (aq, 1 M) | B(s). The value of AH’ for the cell reaction 
is twice that of AG’ at 300 K. If the emf of the cell is zero, the AS’ (in J K' mol’) of the cell reaction per mole of B 
formed at 300 K is 

(Given: In(2) = 0.7, R finiversal gas constant) = 8.3 JK" mol'. H, S and G are enthalpy, entropy and Gibbs energy, 
respectively) 


Solution 
(-11.62 JK"mol!"') The half-cell reactions are 
A(s) > A" (aq) +ne™ (1) 
B"* (aq)+2ne — B(s) (2) 
Adding Eq. (1) and Eq. (2), we get 
2A(s)+ B*"* (aq) > 2A"* (aq) + B(s) 


Given that AH’ = 2AG® and E_,, =0, so 


cell 


AG? _ -RT InK 
T T 


AG® = AH® -TAS® > AS? = 


[A"* P 


=> AS? =i =-8.3xn4=-11.5JK™ mol” 


B"*] 
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SECTION 3 


e This section contains FOUR (04) questions. 

¢ Each question has TWO (02) matching lists: LIST-I and LIST-II. 

¢ FOUR options are given representing matching of elements from LIST-I and LIST-II. ONLY ONE of these four 
options corresponds to a correct matching. 


15. Match each set of hybrid orbitals from LIST-I with complex(es) given in LIST-II. 


LIST-I LIST-II 
P. dsp” 1. [FeF,]* 
Q. sp" 2. [Ti(H,0),Cl,] 


2 


R. spd’ 3. [Cr(NH,),}* 
S. dsp’ 4. [FeCl,]” 
5. [Ni(CO)], 
6. [Ni(CN),]> 


The correct option is 


(A) P>5;Q>54,6;R>52,3;S5 1 (B) P—>5,6;Q74;R753;S—>1,2 
(C) P>6;Q54,5;R731;S—> 2,3 (D) P—>4,6;Q>5,6;R71,2;S 353 
Solution 


(C) [FeF,]* : The arrangement of electrons in Fe™* (3a) will be 


3d 4s 4p 
re [1/1 11[1/ 1] 
[FeF,]* 1, 4 4 4 i xx | | xx | xx | xx] | xx | xx 
a ee ee 
sp°d? 
hybridization 


[Ti(H,O),Cl,]: The arrangement of electrons in Ti** (3d') will be 


3d 


d?sp* 
hybridization 
[Cr(NH,),]**: The arrangement of electrons in Cr** (3d’) will be 
3d 4s 4p 
cr} 1 | 1 | 1 
[Cr(NH3)¢]** 4 4 4 xx [xx xx xx} xx] xx 


dsp 
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3d 4s 4p 
re*[1]1 [1 [1] 1] L_] 
[FeCl,J*| 1/1 11 1141 xx| xx|xx]x x 
s 
hybridization 


[Ni(CO),]: The arrangement of electrons in Ni’ (3d°4s°) will be 


3d 4s 4p 
NI | tT 
[Ni(CO),] 1 i} 11 1 a} x x xx | xx] xx 


sp® hybridization 
[Ni(CN),]*: The arrangement of electrons in Ni* (3d°) will be 
3d 4s 4p 
ra Ee 
inven} 1] | al} | 1 | AL | xx |p xx] | | xx | 
— Y 
dsp* hybridization 


16. The desired product X can be prepared by reacting the major product of the reactions in LIST-I with one or more 


appropriate reagents in LIST-IL. 
(Given, order of migratory aptitude: aryl > alkyl > hydrogen) 


oO 
Ph 
OH 
Me Ph 
Xx 
LIST-I LIST-II 
HO Ph 
P. ph Ba + H,SO, 1. L,, NaOH 
Me 
H.N Ph 
Q. Ea oe + HNO, 2. [Ag(NH;),]OH 
Me 
Ho_Ph a 
R. MeO + H,SO, 3. Fehling solution 
B Ph 
r 
S. prKcH og AgNO 4. HCHO, NaOH 
3 
Mer 
5. NaOBr 
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The correct option is 


(A) P> 1,;Q>52,3;R51,4;S 52,4 (B) P> 1,5;Q73,4;R74,5;S > 3 
(C)P> 1,5;Q73,4;R735;S 52,4 (D) P> 1,5;Q>52,3;R751,5;S 52,3 
Solution 


(D) The reactions are as follows: 


igen ” mek 
pro xe + H,SO,——> Ph 
Me | Me 
sea [enon 
Ph 
Me (e) Me pn (e) 
pho pro 
OH OH 
Ph Ph 
HN H Me O 
Ph OH * HNO, ————> Ph 
Me H 
Ph Fehling | [Ag(NH,),]OH 
Me solution Ph 
OH Me 
Ph 
OH 
Ph Ph 
HO) op Ph fe) 
Meé OH + H,SO, > Me 
Me | Me 
“| [eee 
Mek Meh” 
Ph Ph 
OH OH 
eH Ph 
Ph WOH + AgNO,——> rr—| cho 
e 
Me 


Fehling | [Ag(NH,),]OH 


J solution | 


i Ph 


Me Me O 
Ph Ph 


OH OH 
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17. LIST-I contains reactions and LIST-II contains major products. 


LIST-I LIST-II 


ho. + ok 1. ok. 
Q. co + HBr ——_> >: ok, 


R. ok, + NaOMe —_> oo 


+ MeBr —_> 4. wee 
a 


Match each reaction in LIST-I with one or more products in LIST-II and choose the correct option. 


(A)P> 1,5;Q92;R33;8S34 (B) P> 1,4;Q32;R34;8 33 
(C)P> 1,4;Q> 1,2;R > 3,4;8 34 (D) P> 4,5;Q34;R54;S 53,4 
Solution 


(B) With tertiary halides, steric hindrance in the substrate is severe, thus, elimination is highly favored, especially 
when the reaction is carried out at higher temperatures. 


Se — a 


(Major) (Minor) 


ha + HBr —— ob + MeOH 
Br 
ok, + NaOMe Sy 


Sh. + MeBr —_> ok OMe + NaBr 


18. Dilution processes of different aqueous solutions, with water, are given in LIST-I. The effects of dilution of the 
solutions on [H"] are given in 
(Note: Degree of dissociation (@) of weak acid and weak base is << 1; degree of hydrolysis of salt << 1; [H’] rep- 
resents the concentration of H* ions) 
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LIST-I LIST-II 

P. (10 mL of 0.1 M NaOH + 20 mL of 0.1 M acetic acid) 1. the value of [H*] does not change on dilution 
diluted to 60 mL 

Q. (20 mL of 0.1 M NaOH + 20 mL of 0.1 M acetic acid) 2. the value of [H"] changes to half of its initial value 
diluted to 80 mL on dilution 

R. (20 mL of 0.1 M HCI + 20 mL of 0.1 M ammonia solution) 3. the value of [H*] changes to two times of its initial 
diluted to 80 mL value on dilution 


a 


S. 10 mL saturated solution of Ni(OH), in equilibrium with 
excess solid Ni(OH), is diluted to 20 mL (solid Ni(OH), is 
still present after dilution). 


. the value of [H*] changes to = times of its initial 
2 


value on dilution 
. the value of [H*] changes to V2. times of its initial 
value on dilution 


nn 


Match each process given in LIST-I with one or more effect(s) in LIST-II. The correct option is 


(A) P34,Q032;R33;S31 (B) P> 4;Q>3;R32;S 33 
(C) P31:Q034;R 35:8 33 (D)P3 1:Q35;R34;831 
Solution 

NaOH +  CH,COOH ->CH,COONa+H,O 


10x0.l1=1mmol 20x0.1=2 mmol 


5 _ 20x0.1-10x01 1 
30 30 


| CH,COO™ 


Since it is a buffer solution, with 1 mmol of CH,COOH and | mmol of CH,COONa in solution. So, (P) > (1). 
NaOH + CH,COOH —>CH,COONa+H,O 
20x0.1=2 mmol 20x0.1=2 mmol 
Since the solution contains 2 mmol of CH,COONa in 40 ml solution. So, for a salt of weak acid and strong base, we have 


K, K, 
initial — C 


[H"] 


[KK 
On dilution to 80 ml, C becomes C/2, so [H"],.,. = rT =[H" Jnitin X V2 . So, (Q) > (5) 


HCl + NH, — NH,Cl 
20x0.1=2mmol 20x0.1=2 mmol 


Since the solution contains 2 mmol of CH,COONa in 40 mL solution. So, for a salt of strong acid and weak base, we have 


ie [KC 
[A Jini = K, 


[K Cc 
On dilution to 80 mL, C becomes C/2, so [H*].. = on =[H" Join “V2 - So, (R) > (4) 
b 


new 


Ni(OH), (s) > Ni** (aq) + 20H (aq) 


As it is a sparingly soluble salt, there is no change in [OH ] on dilution. So, (S) > (1) 
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Two complexes [Cr(H,O),]Cl, (A) and [Cr(NH,),JCl, 
(B) are violet and yellow coloured, respectively. The 
incorrect statement regarding them is: 


(1) A, values of (A) and (B) are calculated from the 
energies of violet and yellow light, respectively. 


(2) both are paramagnetic with three unpaired electrons. 


(3) both absorb energies corresponding to their 
complementary colors. 


(4) A, values for (A) is less than that of (B). 


The correct decreasing order for acid strength is: 


(1) NO,CH,COOH > FCH,COOH > CNCH,COOH > 
CICH,COOH 


(2) FCH,COOH > NCCH,COOH > NO,CH,COOH > 
CICH,COOH 


(3) CNCH,COOH > O,NCH,COOH > FCH,COOH > 
CICH,COOH 


(4) NO,CH,COOH > NCCH,COOH > FCH,COOH > 
CICH,COOH 


The major product of following reaction is: 


R-CaN—WAHG=Bu), 9 


(ii) H,O 
(1) RCOOH (2) RCONH, 
(3) RCHO (4) RCH,NH, 


The highest value of the calculated spin-only magnetic 
moment (in BM) among all the transition metal 
complexes is: 


(1) 5.92 
(3) 3.87 


(2) 6.93 
(4) 4.90 


0.5 moles of gas A and x moles of gas B exert a 

pressure of 200 Pa in a container of volume 10 m} at 

1000 K. Given R is the gas constant in JK mol’, x is: 
2R 2R 

1) —— 9). = 
@) 4+R @) 4—R 


4+R 


4-—R 


The one that is extensively used as a piezoelectric 


material is: 
(1) tridymite (2) amorphous silica 


(3) quartz (4) mica 


Correct statements among a to d regarding silicones 
are: 

(a) They are polymers with hydrophobic character. 

(b) They are biocompatible. 


(c) In general, they have high thermal stability and low 
dielectric strength. 


(d) Usually, they are resistant to oxidation and used as 
greases. 


(1) (a), (b), (c) and (d) 
(2) (a), (b) and (c) only 
(3) (a) and (b) only 

(4) (a), (b) and (d) only 


The major product of the following reaction is: 
; a 
Emon 
(ii) EtOH 

OEt 

Br 
OEt 
Br 

OEt 


(1) 
(2) 
(3) 
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10. 


11. 


12. 


13. 


14. 


OEt 
OEt 


(4) 


In general, the properties that decrease and increase 
down a group in the periodic table, respectively, 
are: 


(1) atomic radius and electronegativity. 
(2) electron gain enthalpy and electronegativity. 
(3) electronegativity and atomic radius. 


(4) electronegativity and electron gain enthalpy. 


A solution of sodium sulfate contains 92 g of Na* ions 
per kilogram of water. The molality of Na* ions in that 
solution in mol kg"! is: 


(1) 12 
(3) 8 


(2) 4 
(4) 16 


The correct match between Item-I and Item-II 1s: 
Item-I (drug) Item-II (test) 
(A)Chloroxylenol = (P) Carbylamine test 


(B) Norethindron = (Q) Sodium hydrogen-carbonate 


test 
(C) Sulphapyridine (R) Ferric chloride test 
(D) Penicillin (S) Baeyer’s test 
(1) A>R;B->P;C—>S;D—Q 
(2) A> Q;B—>S8;C—-P;D-R 
(3) A>R;B-S;C—>P;D—Q 
(4) A>Q;B—>P;C—S;D—-R 
A water sample has ppm level concentration of the 
following metals: Fe = 0.2; Mn = 5.0, Cu = 3.0; 


Zn = 5.0. The metal that makes the water sample 
unsuitable for drinking is: 


(1) Cu 
(3) Fe 


(2) Mn 
(4) Zn 
The anodic half-cell of lead-acid battery is recharged 
using electricity of 0.05 Faraday. The amount of PbSO, 


electrolyzed in g during the process is : (Molar mass of 
PbSO, = 303 g mol") 


(1) 22.8 
(3) 7.6 


(2) 15.2 
(4) 11.4 


Which one of the following statements regarding 

Henry’s law is not correct? 

(1) Higher the value of K,, at a given pressure, higher is 
the solubility of the gas in the liquids. 

(2) Different gases have different K, (Henry’s law 
constant) values at the same temperature. 


15. 


16. 


Telearam @unacademvoplusdiscounts 


(3) The partial pressure of the gas in vapour phase is 
proportional to the mole fraction of the gas in the 
solution. 

(4) The value of K, increases with increase of 
temperature and K,, is function of the nature of the gas 


The following results were obtained during kinetic 
studies of the reaction; 


2A +B — Products 


Experiment [A] [B] Initial 
(in mol L') | (in mol L"')| Rate of 
Reaction 
(in mol L! 
min‘) 
I 0.10 0.20 6.93 x 10% 
II 0.10 0.25 6.93 x 10% 
Ill 0.20 0.30 1.386 x 
10? 


The time (in minutes) required to consume half of A is: 


(1) 5 (2) 10 
(3) 1 (4) 100 
Major product of the following reaction is: 
Cl 
Cl NH» (i) EtgN 
Z- ’ HN (ii) Free radical 
Oo O polymerisation 
Cl o 
1 
(1) a 
HN 
oO, {Cl 
(2) fi 
HN 
SNe 
O 
Cl 
ne) 
(3) 
NH 
a es . 
H 
Cl 
4) NH» 
24 
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17. The alkaline earth metal nitrate that does not crystallise 
with water molecules, is: 


(1) Mg(NO,), 
(3) Ca(NO,), 
18. 20 mL of 0.1 M H,SO, solution is added to 30 mL 


of 0.2 M NH,OH solution. The pH of the resultant 
mixture is : [pK, of NH,OH = 4.7]. 


(1) 5.2 (2) 9.0 
(3) 5.0 (4) 9.4 


(2) Sr(NO,), 
(4) Ba(NO,), 


19. Adsorption of a gas follows Freundlich adsorption 
isotherm. In the given plot, x is the mass of the gas 


x 
adsorbed on mass m of the adsorbent at pressure p. — 
is proportional to: _ 


arm 


ee 2 unit 
X Le--7 7 4 unit 
Log ~ uni 
Log P 7 
(1) p? (2) p™ 
(3) p’? (4) p 


20. Which amongst the following is the strongest acid? 
(1) CHBr, (2) CHI, 
(3) CH(CN), (4) CHCl, 


21. The ore that contains both iron and copper is: 
(1) copper pyrites (2) malachite 


(3) dolomite (4) azurite 


22. For emission line of atomic hydrogen from n, = 8 to 


n 


1 
= Nn, the plot of wave number (Vv) against (=| 
n 


will be (The Rydberg constant, R,, is in wave number 
unit) 

(1) Linear with intercept — R,, 

(2) Non linear 

(3) Linear with slope R,, 

(4) Linear with slope — R,, 


23. The isotopes of hydrogen are: 
(1) Tritium and protium only 
(2) Protium and deuterium only 
(3) Protium, deuterium and tritium 


(4) Deuterium and tritium only 


24. 


25. 


26. 


27. 
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According to molecular orbital theory, which of the 
following is true with respect to Li,” and Li, ? 


(1) Li," is unstable and Li, is stable 
(2) Li,* is stable and Li, is unstable 
(3) Both are stable 

(4) Both are unstable 


(i) KOH (aqueous) 
(ii) CrO./H* 


The major product of the following reaction is: 
(il) HySO,/A 
(1) 


oh 
Br 
oO 
Oo 
0. 
Br 
¥ 


O 
(3) 


O 
HO 


Aluminium is usually found in +3 oxidation state. In 
contrast, thallium exists in +1 and +3 oxidation states. 
This is due to: 


(1) inert pair effect 
(2) diagonal relationship 
(3) lattice effect 


(4) lanthanoid contraction 


The increasing order of pK, of the following amino 
acids in aqueous solution is: 


Gly Asp Lys Arg 
(1) Asp < Gly <Arg < Lys 
(2) Gly <Asp < Arg < Lys 
(3) Asp < Gly < Lys < Arg 
(4) Arg < Lys < Gly <Asp 
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28. Consider the reversible isothermal expansion of 


an ideal gas in a closed system at two different 
temperatures 7, and 7, (7, < T,). The correct graphical 
depiction of the dependence of work done (w) on the 
final volume (V) is: 


lw| 


Tp 
(1) Lo 
0 InV 
| wl Tp 
T; 
(2) 
0 Inv 
| wl Tp 
T; 
3) a 
0 InV 
| wl Tp 
(4) a 
0 In V 


29. 


30. 
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Arrange the following amines in the decreasing order 
of basicity: 


CIO © 

Nn ; N 

H H 

| II Ill 
(1) [>> Il 
(2) W>1>H 
(3) Wl>I>1 
(4) I>Il>I 


The compounds A and B in the following reaction are, 
respectively: 


HCHO + HCI AgCN 
CO} >A——>B 


(1) A= Benzyl alcohol, B = Benzyl cyanide 
(2) A= Benzyl chloride, B = Benzyl cyanide 


(3) A= Benzyl alcohol, B = Benzyl isocyanide 
(4) A= Benzyl chloride, B = Benzyl isocyanide 


https://telegram.me/unacademyplusdiscounts 


1. 


Telegram @unacademyplusdiscounts 
Y : yh 


JEE Main 2019 (January 9, Shift 2) 


CHEMISTRY 


The entropy change associated with the conversion of 
1 kg of ice at 273 K to water vapours at 383 K is: 
(Specific heat of water liquid and water vapour are 
4.2 kJ K! kg’ and 2.0 kJ K' kg'; heat of liquid 
fusion and vapourisation of water are 334 kJ kg”! and 
2491 kJ kg™', respectively). (log 273 = 2.436, log 373 
= 2.572, log 383 = 2.583) 
(1) 7.90 kJ kg! kK" 

(3) 849 kJ kg! K! 


(2) 2.64kI kg! K7 
(4) 9.26 kI kg? K7 


For the following reaction, the mass of water produced 
from 445 g of C,H, ,,O, is: 


110~ 6 


2C,H,,,0,(s) + 163 O,(g) > 114 CO,(g) + 110 H,0() 


57 110 
(1) 490g (2) 445 ¢ 
(3) 495 ¢g (4) 890g 


The major product formed in the following reaction is: 


O. CH 
fe) 
hee ee + 


dil. NaOH 


O OH 


"CT KO 
HC 


Which of the following conditions in drinking water 
causes methemoglobinemia? 


(1) >50 ppm of lead 

(2) >50 ppm of chloride 
(3) >50 ppm of nitrate 
(4) >100 ppm of sulphate 


The major product of the following reaction is: 


ae 
OH 
1) CH3 
oO 
O 
OH OH 
O 
O 
major product obtained in the following reaction 


Oh 


CH 
AIClg, A 


(CH3CO).O/pyridine (1 eqv.) 


room oe 
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10. 


11. 


COCH, 12. The pH of rain water, is approximately: 
a) sS 0) OH (1) 5.6 (2) 7.5 
NHCOCH, (3) 7.0 (4) 6.5 
NH, 


13. Consider the following reversible chemical reactions: 


sass i A, (g) + B,(g) == 2AB@) (1) 
(3) (4) 6AB(g) === 3A, (g) + 3B, (g) 2) 
NH, NHCOCH3 The relation between K, and K, is: 
1 
(1) KK, “3 (2) K,= K;’ 
The major product of the following reaction is: 
+ (3) K,=K,° 4) «As 
Os fines 14. The correct sequence of amino acids present in the 
Mp Kona? tripeptide given below is: 
creer, Ore Me Me Me OH 
ee 
H 
N OH 
fe) = H lI 


NH ; 
(1) (2) 6) 
(1) Val—Ser— Thr (2) Thr—Ser— Val 
e) NH (3) Leu— Ser — Thr (4) Thr—Ser—Leu 
3) (4) 
( OO 15. For the reaction, 2A + B — products, when the 
NH CH; 


concentrations of A and B both were doubled, the 
rate of the reaction increased from 0.3 mol L™! s"! to 


CHs 2.4 mol L' s''. When the concentration of A alone 
is doubled, the rate increased from 0.3 mol L"! s"! to 
The correct match between Item I and Item II is: 0.6 mol L's. 
Item I Item II Which one of the following statements is correct? 
(A) Benzaldehyde (P) Mobile phase (1) Total order of the reaction is 4 
(B) Alumina (Q) Adsorbent (2) Order of the reaction with respect to B is 2 
(C) Acetonitrile (R) Adsorbate (3) Order of the reaction with respect to B is 1 
(1) (A) > (Q); (B) > (P); (C) > (R) (4) Order of the reaction with respect to A is 2 


2) BQ Oo) 16. The products formed in the reaction of cumene with O, 
(3) (A) > Q) (B) > (RB); (©) > (P) followed by treatment with dil. HCl are: 


(4) (A) > ©); (B) > (R); (©) > Q) 


O 
The metal that forms nitride by reacting directly with and 
(1) H3C art 


N, of air, is: 


(1) K (2) Li 
(3) Rb (4) Cs O. ,CH; 
For coagulation of arsenious sulphide sol, which one (2) ahd ete Ou 
of the following salt solution will be most effective? ° 
(1) BaCl, (2) AICI, 
(3) NaCl (4) Na,PO, OH 
O 

The complex that has highest crystal field splitting (3) Be 

; and HG CH 
energy (A), is: 3 3 


(1) [Co(NH,).(H,O)|CI, (2) K,[CoCl,] 


(3) [Co(NH,),CICL, (4) K,[Co(CN),] . 
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17. 


18. 


19. 


20. 


OH 


and ee ee. 


(4) 


The tests performed on compound X and _ their 
inferences are: 


Test 

(a) 2, 4-DNP test 
(b) Iodoform test 
(c) Azo-dye test 


Inference 

Coloured precipitate 
Yellow precipitate 
No dye formation 


Compound ‘X? is: 


NH, 
(1) Cy? 


HsC\ CH 


(2) ° ,COCH, 


NH» 


OH 
(3) CHg 


H3C Ni Cs 


(4) Cy 
CHO 


If the standard electrode potential for a cell is 2 V at 
300 K, the equilibrium constant (K) for the reaction 
Zn(s) + Cu (aq) = Zn” (aq) + Cu(s) at 300 K is 
approximately 

(R = 8 JK! mol ', F = 96000 C mol") 

(1) e 8 (2) e 160 

(3) e320 (4) e!60 

The temporary hardness of water is due to: 

(1) Na,SO, (2) NaCl 

(3) Ca(HCO,), (4) CaCl, 


In which of the following processes, the bond order 
has increased and paramagnetic character has charged 
to diamagnetic? 
(1) NO > NO* 
(3) 0,0, 


(2) N,N," 
(4) 0,70, 


21. 


22. 


23. 


24. 
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Which of the following combination of statements is 

true regarding the interpretation of the atomic orbitals? 

(a) An electron in an orbital of high angular momentum 
stays away from the nucleus than an electron in the 
orbital of lower angular momentum. 

(b) For a given value of the principal quantum number, 

the size of the orbit is inversely proportional to the 

azimuthal quantum number. 


(c) 


According to wave mechanics, the ground state 
: h 
angular momentum is equal to oe 
u 


(d) 


The plot of y Vs r for various azimuthal quantum 
numbers, shows peak shifting towards higher r 
value. 
(1) (a), (d) 
(3) (a), (©) 


(2) (a), (b) 
(4) (b), (©) 


Which of the following compounds is not aromatic? 


(1) / \ (2) / \ 
N 
H 
(3) CF (4) | 
WN | 8 
N 


Good reducing nature of H,PO, is attributed to the 
presence of: 


(1) Two P- OH bonds 
(3) Two P—H bonds 


(2) One P—H bond 
(4) One P— OH bond 


The correct statement regarding the given Ellingham 
diagram is: 


A fe) 
Cue 
: — . : 


—300 


AG? (kJmol") 


—600 


—1050 


> 
2000°C 


500°C —- Temp. (°C) 

(1) At 1400°C, Al can be used for the extraction of Zn 
from ZnO. 

(2) At 500°C, coke can be used for the extraction of Zn 
from ZnO. 
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25. 


26. 


27. 


(3) Coke cannot be used for the extraction of Cu from 
Cu,O. 

(4) At 800°C, Cu can be used for the extraction of Zn 
from ZnO. 


The transition element that has lowest enthalpy of 
atomization, is: 

(1) Fe (2) Cu 

(3) V (4) Zn 

The increasing basicity order of the following 


compounds is: 


(A) CH,CH,NH, 
(B) CH,CH, 
CH3CH»NH 

(C) T° 

H,C —N— CH, 
(D) CHs 

Ph —N—H 

(1) (BD) <(©)<(B)< (A) 

(2) (D) <(C)<(A)<@) 

(3) (A)<(B)<(©)< () 

(4) (A) <(B)<(D) <(©) 

When the first electron gain enthalpy (A...) of oxygen 
is —141 kJmol", its second electron gain enthalpy is: 


28. 


29. 


30. 
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(1) amore negative value than the first 
(2) almost the same as that of the first 
(3) negative, but less negative than the first 


(4) a positive value 


At 100°C, copper (Cu) has FCC unit cell structure 
with cell edge length of x A. What is the approximate 
density of Cu (in g cm) at this temperature? 


[Atomic Mass of Cu = 63.55 u] 


205 105 
One (2) => 
xX xX 
211 422 
(3) 3 (4) 3 
xX xX 


A solution containing 62 g ethylene glycol in 
250 g water is cooled to —10°C. If K, for water is 
1.86 K kg mol", the amount of water (in g) separated 
as ice is: 
(1) 48 
(3) 64 


Oj 
(4) 16 


Homoleptic octahedral complexes of a metal ion 
‘M**? with three monodentate ligands L,, L, and L, 
absorb wavelengths in the region of green, blue and 
red respectively. The increasing order of the ligand 
strength is: 


(i) LG <1, 
G) L.<L,<1, 


(2) L,<L,<L, 
(4) L,<L,<L, 
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The total number of isomers for a square planar 
complex [M(F)(CI)(SCN)(NO,)] is: 


(1) 16 ee: 
(3) 4 (4) 12 


A process has AH = 200 J mol"! and 

AS = 40 JK! mol’. Out of the values given below, 
choose the minimum temperature above which the 
process will be spontaneous: 


(1) 20K (2) 12K 
(3) 5K (4) 4K 


The values of KK for the following reactions at 
300 K are, respectively : (At 300 K, RT = 24.62 dm? 
atm mol"') 


N, (g)+0,(g) = 2 NO(g) 
N,0,(g) = 2 NO,(g) 
N, (g) + 3H, (g) = 2 NH,(g) 
(1) 1, 24.62 dm? atm mol’, 606.0 dm° atm’ mol 
(2) 1, 24.62 dm? atm mol, 1.65 x 10° dm atm? mol? 
(3) 1,4.1 x 10° dm? atm™ mol, 606 dm° atm’ mol? 


(4) 24.62 dm?* atm mol', 606.0 dm® atm? mol’, 
1.65 x 103 dm atm? mol? 


The total number of isotopes of hydrogen and number 
of radioactive isotopes among them, respectively, are: 


(1) 3 and 1 (2) 3 and2 
(3) 2 and 1 (4) 2 and0 


Water filled in two glasses A and B have BOD values 
of 10 and 20, respectively. The correct statement 
regarding them, is: 


(1) Bis more polluted than A. 

(2) Ais suitable for drinking, whereas B is not. 
(3) Both A and B are suitable for drinking. 

(4) Ais more polluted than B. 


6. Which primitive unit cell has unequal edge lengths 


(a#b#c) and all axial angles different from 90°? 
(1) Triclinic 
(3) Monoclinic 


(2) Hexagonal 
(4) Tetragonal 


The major product of the following reaction is: 


if osetocn 
| ee 1S 
a. ° PAS 


Consider the given plots for a reaction obeying 
Arrhenius equation (0°C < T < 300°C) : (A and E, are 
rate constant and activation energy, respectively) 


> > 


E, T(°C) 


I ll 
Choose the correct option: 
(1) [is right but II is wrong 
(2) Both I and II are correct 
(3) Lis wrong but II is right 
(4) Both I and II are wrong 
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The major product formed in the reaction given below 


will be: 
NHz Nano, 
—_—__—_»> 
Aq. HCI, 0-5°C 


(1) 
(2) 
(3) 


(4) 


Wilkinson catalyst is: 

(1) [(Ph,P),IrCl] 

(2) [(Et,P),RhCl] 

(3) [(Ph,P),RhCl] (Et = C,H.) 
(4) [(Et,P),IrCl] 


If dichloromethane (DCM) and water (H,O) are used 
for differential extraction, which one of the following 
statements is correct? 

(1) DCM and H,O would stay as lower and upper layer 
respectively in the S.F. 

DCM and H,O will make turbid/colloidal mixture 
DCM and H,O would stay as upper and lower layer 
respectively in the separating funnel (S.F.) 


DCM and H,O will be miscible clearly 


(2) 
(3) 


(4) 


Which dicarboxylic acid in presence of a dehydrating 
agent is least reactive to give an anhydride? 


13. 
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gCO>H 


(3) . 
“COH 


COOH 

COOH 
The decreasing order of ease of alkaline hydrolysis for 
the following esters is 


¢ COOC,Hs 
| 

cl < \- COOC,Hs 
Il 

OoN < COOC3Hs 
lll 

CH,O < COOC;H.; 
IV 


(1) Il>I>Iv>1 
(33) IV>I>HI>I 


(2) Il>U>I>IV 
(4) Il>IW>I>IV 


. Which of the graphs shown below does not represent 


the relationship between incident light and the electron 
ejected from metal surface? 


(1) 
K.E. = 


— Energy of 
light 


Number 
of 1 Ss 


——~> Frequency of 
light 


(2) 


https://telegram.me/unacademyplusdiscounts 


TeHRR Mandal? dowen 10 shit) aaa 
(3) (1) 


CH30 


(2) OCH, 
o —> Frequency CH3 
of light 
(4) 
K.E. of (3) 
es CH;0 ; ; 
0 


——> Intensity 


4) CHO 
of light Shs Cr 
15 


. Which of the following is not an example of 
heterogeneous catalytic reaction? 


(1) Ostwald’s process 
(2) Combustion of coal 
(3) Hydrogenation of vegetable oils Asn —Ser + (CH,CO),0—*> P 


(excess ) 


19. The correct structure of product ‘P’ in the following 
reaction is: 


(4) Haber’s process 


(1) O 
16. The effect of lanthanoid contraction in the lanthanoid 
series of elements by and large means: fo) pis: 
(1) increase in both atomic and ionic radii HaC we N N t 
3 OH 
(2) decrease in atomic radii and increase in ionic radii H O 
OCOCH, 


(3) decrease in both atomic and ionic radii 


(4) increase in atomic radii and decrease in ionic radii (2) O 
17. Which hydrogen in compound (E) is easily replaceable Oo ME Oo 
during bromination reaction in presence of light? gee : 
CH, —- CH, -CH =CH, " O 
38 Y B a OCOCH3, 
(E) (3) OCOCH, 
O H O 
(1) a-hydrogen we N 
H3C N OH 
(2) y-hydrogen H 6 
(3) d-hydrogen NH 
(4) fB-hydrogen O 
oi 4 OCOCH 
18. The major product of the following reaction is: ® O : O 
H 
ex : 
H3C N OH 
CH,0 CHCl Li AlCl (anhya) H O ieee 
(ii) HyO 3 
O 
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The type of hybridisation and number of lone pair(s) 
of electrons of Xe in XeOF,, respectively, are: 

(1) spd? and 1 (2) sp'd and 2 

(3) spd? and 2 (4) sp'd and 1 


The electronegativity of aluminium is similar to: 
(1) carbon (2) beryllium 
(3) boron (4) lithium 


Consider the following reduction processes: 
Zn** + 2e — Zn(s); E° =—0.76 V 
Ca** + 2e — Ca(s); E° =—2.87 V 

Mg” + 2e — Mg(s); E° = —2.36 V 

Ni** + 2e° > Ni(s); E° = —0.25 V 

The reducing power of the metals increases in the 

order: 

(1) Ca<Zn<Mg<Ni 

(2) Nix Zn<Mg<Ca 

(3) Zn<Mg<Ni<Ca 

(4) Ca<Mg<Zn<Ni 


The chemical nature of hydrogen peroxide is: 
(1) Oxidising agent in acidic medium, but not in basic 
medium. 

(2) Reducing agent in basic medium, but not in acidic 
medium. 

(3) Oxidising and reducing agent in acidic medium, but 
not in basic medium. 

(4) Oxidising and reducing agent in both acidic and 
basic medium. 


A mixture of 100 m mol of Ca(OH), and 2 g of sodium 
sulphate was dissolved in water and the volume was 
made up to 100 mL. The mass of calcium sulphate 
formed and the concentration of OH in resulting 
solution, respectively, are: (Molar mass of Ca(OH),, 
Na,SO, and CaSO, are 74, 143 and 136 g mol", 
respectively; Ky. of Ca(OH), is 5.5 x 10°°) 


(1) 1.9g,0.28molL" (2) 13.6 g,0.28 mol L! 
(3) 1.9g,0.14molL" (4) 13.6g,0.14 mol L"! 


Liquids A and B form an ideal solution in the entire 
composition range. At 350 K, the vapor pressures of 
pure A and B are 7 x 10° Paand 12 x 10? Pa, respectively. 
The composition of the vapor in equilibrium with 
a solution containing 40 mol percent of A at this 
temperature is: 


Cl). 4,=037;%,— 0.63 
2) #,= 0.28; 4, =072 
(3) x, = 0.4; x, = 0.6 


(4) x,=0.76; x, = 0.24 


26. 


27. 


28. 


29. 
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The major product *X’ formed in the following reaction 
is: 


O 


° I 
Cy CH»—C—OCHs Nash, 
——»5 
MeOH 
() o 9 
Cy CH,—C—H 
(2) OH 
CY CH,CH,0H 
(3) OH 
oye 
(4) On i 
Cy CH,—C—OCH3 


The metal used for making X-ray tube window is: 


(1) Mg (2) Na 
(3) Be (4) Ca 
The increasing order of the pK, values of the following 


compounds is: 
OH OH OH 
O O ou 
A B Cc 
(1) C<B<A<D 
(3) D<A<C<B 


OH 
OMe 
D 


(2) B<C<D<A 
(4) B<C<A<D 


Hall-Heroult’s process is given by: 

(1) Cu* (aq) + H,(g) +Cu(s) + 2H" (aq) 
(2) CeO, +2 Al ALO, + 2Cr 

(3) 2ALO,+3C—4Al1+3 CO, 


(4) Zn0+C—S2*2"_57n+CO 


Two z and half o bonds are present in: 
(1) O; (2) N, 
(3) O, (4) N; 
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CHEMISTRY 


The ground state energy of hydrogen atom is 
—13.6 eV. The energy of second excited state of 
He* ion in eV is: 
(1) —54.4 
(3) —6.04 


(2) -3.4 
(4) -27.2 


Haemoglobin and gold sol are examples of: 

(1) positively and negatively charged sols, respectively 
(2) positively charged sols 

(3) negatively charged sols 

(4) negatively and positively charged sols, respectively 


The major product of the following reaction is: 


Cor 


{i dil HOV 


“iy (COOH), (COOH)> 
Asha 


(1) f°) 
O O 
On 
OCH, 
=y 
noms 
(3) 
fe) O 
Oln 
OH 


(4) O 
to O 44 
Oh 


The amount of sugar (C,,H,,O,,) required to prepare 2 L 
of its 0.1 M aqueous solution is: 


(1) 136.88 (2) 17.1g 
(3) 68.4¢ (4) 3428 


Among the following reactions of hydrogen with 
halogens, the one that requires a catalyst is: 


(1) H,+1,>2HI (2) H,+Cl,>2HCl 
(3) H,+Br,>2HBr (4) H,+F,—>2HF 


5.1 g of NH,SH is introduced in 3.0 L evacuated flask 
at 327°C. 30% of the solid NH,SH decomposed to NH, 
and H,S as gases. The K, of the reaction at 327°C is 
(R = 0.082 L atm mol! K', Molar mass of S = 32 g 
mol', molar mass of N = 14 g mol"') 


(1) 0.242 10atm? = (2):«1 x 10° atm? 
(3) 4.9 x 10° atm? (4) 0.242 atm? 


The reaction that is NOT involved in the ozone layer 
depletion mechanism in the stratosphere is: 


(1) CE,CL,(g)—“> Cl(g) + CE,CK(g) 

(2) ClO(g)+O(g) > Cl(g) +0, (8) 

(3) CH, +20, +3 CH, = 03 EO 

(4) HOCKg)—“>0H(g)+Cl(g) 

Inthecell Pt(s)|H,(g, lbar)| HCl(aq)|AgCl(s)|Ag(s)|Pt(s) 
the cell potential is 0.92 V when a 10° molal HCl 


solution is used. The standard electrode potential of 
(AgCl/Ag, CI) electrode is: 
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10. 


11. 


12. 


{ci 4, SORE 2006 Vai 208 K 
(1) 0.94V (2) 0.76V 
(3) 0.40 V (4) 0.20V 


The 71* electron of an element X with an atomic 
number of 71 enters into the orbital: 


(1) 6p (2) 4f 

(3) 5d (4) 6s 

The correct match between item ‘I’ and item ‘II’ is 
Item ‘T’ Item ‘IT’ 

(compound) (reagent) 

(A) Lysine (P) 1-naphthol 

(B) Furfural (Q) ninhydrin 

(C) Benzyl alcohol (R) KMnO, 

(D) Styrene (S) Ceric ammonium nitrate 


(1) (A) > (Q); (B) > (P); (C) > (S); (D) > (R) 
(2) (A) > Q); B) > (P); (C) > ); (D) > (S) 
(3) (A) > ®); (B) > (); (©) > (Q); D) > (S) 
(4) (A) > Q); B) > (BR); (C) > (S); (D) > (@) 
An aromatic compound ‘A’ having molecular formula 
C,H,O, on treating with aqueous ammonia and heating 
forms compound ‘B’. The compound ‘B’ on reaction 
with molecular bromine and potassium hydroxide 


provides compound ‘C’ having molecular formula 
C.HLN. The structure of ‘A’ is: 


(1) om 
2) | | 
CH=CH—CHO 


oO 
OH 
(4) OHC 
ise 


The process with negative entropy change is: 

(1) Dissociation of CaSO,(s) to CaO(s) and SO,(g) 
(2) Sublimation of dry ice 

(3) Dissolution of iodine in water 


(4) Synthesis of ammonia from N, and H, 


13. 


14. 


15. 


16. 


17. 


18. 
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An ideal gas undergoes isothermal compression from 
5 m? to 1 m* against a constant external pressure of 
4 Nm *. Heat released in this process is used to increase 
the temperature of 1 mole of Al. If molar heat capacity 
of Al is 24 J mol"! K"', the temperature of Al increases 
by: 


(1) 3k (2) 2K 
2 
2 
(3) a (4) 1K 
Elevation in the boiling point for | molal solution of 


glucose is 2 K. The depression in the freezing point for 
2 molal solution of glucose in the same solvent is 2 K. 
The relation between K, and K, is: 


(1) K,=1.5 K, (2) K,=K, 
(3) K,=0.5 K, (4) K,=2K, 
The major product of the following reaction is: 


oO 
NaBH 
CHIN A AI —- 


(1) OH 
CHIN NAN 
(2) OH 
CHIN AN A 
(3) fe) 
CHNHS AN UA 
(4) OH 


CHNHS AN AN 
ao 


Sodium metal on dissolution in liquid ammonia gives 
a deep blue solution due to the formation of: 


(1) 
(2) 
(3) 
(4) 


sodium-ammonia complex 
sodamide 
sodium ion-ammonia complex 


ammoniated electrons 


a ‘ k 
For an elementary chemical reaction, A, =— 2A, 
1 
. d[A] . 
the expression for : | iS: 
t 


(1) &[A,]~ [AP 
(3) KA] + &_[AP 


(2) 2k,[A,] — «TAP 
(4) 2k,[A,] - 2k [AP 


Which of the following tests cannot be used for 
identifying amino acids? 
(1) Biuret test 

(3) Ninhydrin test 


(2) Barfoed test 
(4) Xanthoproteic test 
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19. The difference in the number of unpaired electrons of 
a metal ion in its high-spin and low-spin octahedral 
complexes is two. The metal ion is: 


(1) Niz* (2) Fe? 
(3) Co (4) Mn2* 


20. The major product obtained in the following reaction 


CO,Et 
NaOEt/A 
—> 
ee@ee 
oO 
or 


CO,Et 
(2) O 
(3) * 

CO.Et 
(4) 


fe) 
aa@ CO,Et 


21. The pair that contains two P — H bonds in each of the 
oxoacids is: 


(1) H,P,O, and H,P,O 


4°2~5 4°2~6 


(3) H,PO, and H,PO, 


(2) H,PO, and H,P,O, 
(4) H,P,O, and H,PO, 
22. Which is the most suitable reagent for the following 


transformation? 
OH 


| 
CH,—CH=CH—CH,—CH—CH,;—> 
CH,;—CH=CH—CH,CO,H 
(1) Tollens’ reagent 
(3) CrO,CL/CS, 


(2) I,/NaOH 
(4) alkaline KMnO, 


23. What is the IUPAC name of the following compound? 
CH3 


CH3 
(1) 3-Bromo-1, 2-dimethylbut-1-ene 
(2) 3-Bromo-3-methyl-1, 2-dimethylprop-1-ene 
(3) 2-Bromo-3-methylpent-3-ene 
(4) 4-Bromo-3-methylpent-2-ene 


25. 


26. 


27. 


28. 


29. 
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. The number of 2-centre-2-electron and 3-centre-2- 


electron bonds in B,H 


jH,, respectively, are: 


(1) 2and 1 (2) 4and2 
(3) 2 and 2 (4) 2 and4 
In the reaction of oxalate with permanganate in 


acidic medium, the number of electrons involved in 
producing one molecule of CO, is: 


(1) 1 (2) 10 
(3) 2 (4) 5 
A reaction of cobalt(III) chloride and ethylenediamine 


ina 1:2 mole ratio generates two isomeric products A 
(violet coloured) and B (green coloured). A can show 
optical activity, but, B is optically inactive. What type 


of isomers does A and B represent? 
(1) Geometrical isomers (2) Coordination isomers 
(3) Linkage isomers (4) Ionisation isomers 


The electrolytes usually used in the electroplating of 
gold and silver, respectively, are: 


(1) [Au(CN),] and [Ag(CN),]- 

(2) [Au(CN),] and [AgCl,]” 

(3) [Au(OH),} and [Ag(OH),]- 
(4) [Au(NH,),]* and [Ag(CN),]- 


A compound of formula A,B, has the hep lattice. 
Which atom forms the hcp lattice and what fraction of 
tetrahedral voids is occupied by the other atoms: 


(1) hep lattice —A, : tetrahedral voids — B 

(2) hep lattice —A, : tetrahedral voids — B 
: 2 ‘ 

(3) hep lattice — B, 5 tetrahedral voids — A 


(4) hep lattice — B, : tetrahedral voids — A 


The major product of the following reaction is: 
CH3 
OH 
(i) aq. NaOH 
(ii) CHg | 
(1) CHg 
OH 
CH, 
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(2) CH 
; OCH, 
(3) CH 
ion 
CH3 
(4) CH 
OH 
CH3 


30. What will be the major product in the following 
mononitration reaction? 


i 
¢ \N HNO. 
H 3 


ee 
Conc. H,SO4 


(4) ON 
oO 
Gh 20 
H 
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The major product of the following reaction is 


COCH, 
(i) KMnO4/KOH, A 
nee Tic 
Ly H,S0, (dil) 
© oy 


HOOC 


ou 


HOOC 


ee 
ou 


HOOC 


The correct statements among (a) to (d) regarding H, 
as a fuel are: 


(a) It produces less pollutants than petrol. 


(b) A cylinder of compressed dihydrogen weighs ~30 
times more than a petrol tank producing the same 
amount of energy. 

(c) Dihydrogen is stored in tanks of metal alloys like 
NaNi.. 

(d) On combustion, values of energy released per gram 
of liquid dihydrogen and LPG are 50 and 142 kJ, 
respectively. 

(1) (a) and (c) only 

(3) (b), (c) and (d) only 


(2) (b) and (d) only 
(4) (a), (b) and (c) only 


An organic compound is estimated through Dumus 
method and was found to evolve 6 moles of 


CO,, 4 moles of H,O and 1 mole of nitrogen gas. The 
formula of the compound is: 


(1) C,H aN 2 (2) C,,H N 
3) CHN, (4) CH,N 


An example of solid sol is: 
(1) butter (2) paint 


(3) hair cream (4) gem stones 


The major product of the following reaction is: 
Cl 


(i) HBr 
(ii) alc. KOH 


OH 
(4) ¢ 
Heat treatment of muscular pain involves radiation of 


wavelength of about 900 nm. Which spectral line of 
H-atom is suitable for this purpose ? 


[R,, = 1 * 10° cm", h= 6.6 x 10 Js, e=3 x 10®ms"'] 
(1) Balmer,  — 2 (2) Paschen, 5 > 3 
(3) Lyman, © > 1 (4) Paschen, 3 


(1) ¢ 
(3) OH 
| 


The polymer obtained from the following reactions is: 
(i) NaNO,/H,0* 


HOOC 


(ii) Polymerisation 
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(1) [ F 
+0—(CH,),—C 


(3) [ o fe) 
II Il H 
=; HNC — (CH,),—C—N-- 


(4) | ‘ 
=f OC(CH,),05- 


8. NaH is an example of: 
(1) saline hydride 
(2) metallic hydride 
(3) molecular hydride 
(4) electron-rich hydride 


9. Consider the reaction 
N,(g)+3H,(g) = 2NH,(g) 


The equilibrium constant of the above reaction is K.. If 


pure ammonia is left to dissociate, the partial pressure 
of ammonia at equilibrium is given by (Assume that 
Pwu, << Prosi At equilibrium) 


(1) bie Se 4 Q) ak Pe 
4 16 
1/2. 2 K 1/2: 2-2 
Ome a) = 


10. The chloride that CANNOT get hydrolysed is: 
(1) CCl, (2) PbCl, 
(3) SnCl, (4) SiCl, 


11. The major product of the following reaction is: 
OEt (i) N/H, 


—_—_—_> 
CN (ii) DIBAL-H 


oe 
NH, 


Telearam @unacademvplusdiscounts 
(3) H 
SO 
CHO 


12. Among the following compounds, which one is found 
in RNA? 


(1) oO 
6 Me 
8 

| 


(3) NH, (4) fe) 


Zz 


—Zz 
(e) 


13. Peroxyacetyl nitrate (PAN), an eye irritant is produced 
by: 
(1) photochemical smog 
(2) organic waste 
(3) acid rain 


(4) classical smog 


14. The major product of the following reaction is: 


OH 
Br, (excess) 
SO3H 
(1) OH (2) OH 
ae Br CF Br 
SO3H SO3H 


(3) OH (4) OH 
Br Br 
Br Br 
Br Br 


15. If a reaction follows the Arrhenius equation, the plot 
Ink vs 1/(RT) gives straight line with a gradient (—y) 
unit. The energy required to activate the reactant is: 
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16. 


17. 


18. 


19. 


20. 


(2) y/R unit 
(4) yR unit 


(1) y unit 
(3) —y unit 


The correct match between item (I) and item (IJ) is: 


Item - I Item - II 

(A) Norethindrone (P) Anti-biotic 
(B) Ofloxacin (Q) Anti-fertility 
(C) Equanil (R) Hypertension 


(S) Analgesics 
(1) (A) > @); (B) > @); (C) > G) 
(2) (A) > Q); B) > (); (C) > ®) 
(3) (A) > Q); (B) > (RB); (©) > (S) 
(4) (A) > ®); (B) > @); (C) > (B) 


For the chemical reaction X—Y, the standard 
reaction Gibbs energy depends on temperature T (in 
K) as 

A G° (in kJ mol) = 120-27. 
The major component of the reaction mixture at T is: 
(1) Yif7T=300K (2) YifT=280K 
(3) XifT=315K (4) Xif T=350K 


The element that usually does NOT show variable 
oxidation states is: 


(1) Sc (2) V 

(3) Ti (4) Cu 

Match the ores (List I) with the metals 
(List IT): 

(List I) (List ID) 

Ores Metals 

(A) Siderite (P) Zinc 

(B) Kaolinite (Q) Copper 

(C) Malachite (R) Iron 

(D) Calamine (S) Aluminium 


(1) (A) > ®); (B) > (S); ©) > @); DB) = Q) 
(2) (A) > ); (B) > Q); (C) > (R); (D) > (S) 
(3) (A) > Q); (B) > (RB); (C) > (S); (D) > (@) 
(4) (A) > ®); (B) > (S); ©) > (Q); D) > @) 


The correct match between items I and II is: 
Item - I Item - II 

(Mixture) (Seperation method) 
(A) H,O: Sugar (P) Sublimation 

(B) H,O: Aniline (Q) Recrystallization 
(C) H,O: Toluene (R) Steam distillation 


(S) Differential extraction 


21. 


22. 
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(1) (A) > (R); (B) > (P); (C) > (S) 
(2) (A) > (Q); (B) > (R); (C) > (S) 
(3) (A) > (S); (B) > (R); (©) > () 
(4) (A) > (Q); (B) > (R); (C) > (P) 
The freezing point of a diluted milk sample is found to 
be —0.2°C, while it should have been —0.5° C for pure 


milk. How much water has been added to pure milk to 
make the diluted sample? 


(1) 1 cup of water to 2 cups of pure milk 
(2) 2 cups of water to 3 cups of pure milk 
(3) 3 cups of water to 2cups of pure milk 


(4) 1 cup of water to 3 cups of pure milk 


For the cell Zn(s)|Zn?'(aq)||M**(aq)|M(s), different 
half cells and their standard electrode potentials are 
given below: 


M* (aq)/ Au* (aq)/ Ag*(aq)/ Fe** (aq)/ Fe?* (aq)/ 
Au(s) Ag(s)  Fe* (aq) Fe(s) 
° 1.4 : ‘ —0.44 
E°.I(V) 0 0.80 0.77 0 


23. 


24. 


25. 


If Ee 27, =—0-76V;, which cathode will give a 
maximum value of E° |, per electron transferred? 

(1) Ag*/Ag (2) Au*/Au 

(3) Fe3*/Fe** (4) Fe?'/Fe 


A 10 mg effervescent tablet containing sodium 
bicarbonate and oxalic acid releases 0.25 mL of CO, at 
T= 298.15 K and p = 1 bar. If molar volume of CO, is 
25.0 L under such condition, what is the percentage of 
sodium bicarbonate in each tablet? 
[Molar mass of NaHCO, = 84 g mol] 
(2) 8.4 
(4) 0.84 


(1) 33.6 
(3) 16.8 


Which compound (s) out of the following is/are not 
aromatic? 


(A) (B) (C) (D) 


(1) (A) and (C) 
(3) (©) and (D) 


(2) (B), (C) and (D) 

(4) (B) 

The correct order of the atomic radii of C, Cs, Al, and 
S is: 

(1) C<S<Cs<Al 

(2) S<C<AI<Cs 

(3) C<S<AI<Cs 

(4) S<C<Cs<Al 
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26. Match the metals (List I) with the coordination 


27. 


compound(s)/enzyme(s) (List IT): 


(List ID (List ID) 

Metals Coordination 
Compound(s)/Enzyme(s) 

(A) Co (P) Wilkinson catalyst 

(B) Zn (Q) Chlorophyll 

(C) Rh (R) Vitamin B,, 

(D) Mg (S) Carbonic anhydrase 


(1) (A) > ®); (B) > (S); ©) > @); D) > Q 
(2) (A) > Q); (B) = (P); (C) > (S); (D) > (R) 
(3) (A) > @); (B) > Q); (C) > (R); (D) > (S) 
(4) (A) > (S); (B) > (R); (C) > (P); (D) > (Q) 


Two blocks of the same metal having same mass and 
at temperature 7, and 7,, respectively, are brought in 
contact with each other and allowed to attain thermal 
equilibrium at constant pressure. The change in 
entropy, AS, for this process is: 


1 

(7, +T7,)° 
1) 2C, nj ———— 2) C\ln 
” . TT. 2) ATT, 


12 


aaee) 


28. 


29. 


30. 
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(3) 2¢ in| 2+ (4) 2¢ nf 2+ 
mace re L4a5, 

The amphoteric hydroxide is: 

(1) Sr(OH), (2) Mg(OH), 

(3) Ca(OH), (4) Be(OH), 


A solid having density of 9 x 10° kg m*% forms face 


centred cubic crystals of edge length 200V2 pm. What 
is the molar mass of the solid? 


[Avogadro constant = 6 x 10% mol”, 2 = 3] 
(1) 0.0432 kg mol! (2) 0.0305 kg mol! 
(3) 0.0216 kg mol! (4) 0.4320 kg mol! 


The concentration of dissolved oxygen (DO) in cold 
water can go upto: 


(1) 10 ppm 
(3) 14 ppm 


(2) 8 ppm 
(4) 16 ppm 


https://telegram.me/unacademyplusdiscounts 


1. 


Telegram @unacademyplusdiscounts 


JEE Main 2019 (January 11, Shift 2) 


CHEMISTRY 


The reaction, MgO(s) + C(s)—Mg(s) + CO(g), for 
which A.H° = + 491.1 kJ mol” and A'S° = 198.0 JK"! 
mol’, is not feasible at 298 K. Temperature above 
which reaction will be feasible is: 


(1) 2040.5K (2) 1890.0 K 
(3) 2480.3K (4) 2380.5 K 


The correct match between Item I and Item I is: 


Item I 
(A) Allosteric effect 


Item II 


(P) Molecule binding 
to the active site of 
enzyme 


(B) Competitive inhibitor (Q) Molecule crucial for 
communication in the 
body 


(R) Molecule binding to 
a site other than the 
active site of enzyme 


(S) Molecule binding to 
the enzyme covalently 


(1) (A) >); (B) > (P); (©) — (Q); (BD) > (S) 
(2) (A) > ); (B) > (R); (©) > (Q); (D) > (S) 
(3) (A) > ®); (B) > (); (©) > (S); D) > Q 
(4) (A) > (P); (B) > (R); (©) > (S); (D) > (Q) 


(C) Receptor 


(D) Poison 


The coordination number of Thin K,[Th(C,O,),(OH,),] 
is: (cor = Oxalato) 

(1) 14 (2) 6 

(3) 8 (4) 10 


The major product obtained in the following reaction 
is: 
O. ,OH 
XQ LiAIH, 


(excess) 


(1) O, OH 
= S 
CH 
NO, OH 
(2) OH 
CHs 
NH, OH 
(3) OH 
S 
ce 
NH, OH 
(4) OH 
S 
CH, 
NO, OH 


The standard reaction Gibbs energy for a chemical 
reaction at an absolute temperature T is given by 
A G°=A-BT 

Where A and B are non-zero constants. Which of the 
following is TRUE about this reaction? 

(1) Endothermic if A > 0 

(2) Exothermic if A> 0 and B <0 

(3) Endothermic if A< 0 and B>0 

(4) Exothermic if B <0 


The radius of the largest sphere which fits properly at 
the centre of the edge of a body centred cubic unit cell 
is: (Edge length is represented by ‘a’) 
(1) 0.027 a (2) 0.047 a 
(3) 0.134a (4) 0.067 a 
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The hydride that is NOT electron deficient is: 
(1) SiH, @) BA, 
(3) GaH, (4) AIH, 


Given the equilibrium constant: K,, of the reaction: 
Cu(s) + 2Ag* (aq) > Cu**(aq) + 2Ag(s) is 
10 x 10'°, calculate the E.,, of this reaction at 298 K 


cel 


[2303420 at 298 K =0.059 v| 


(1) 0.04736 mV 
(3) 0.4736 V 


(2) 0.4736 mV 
(4) 0.04736 V 


The correct option with respect to the Pauling 
electronegativity values of the elements is: 


(1) Te>Se (2) Ga<Ge 
(3) Si<Al (4) P>S 


Which of the following compounds will produce a 
precipitate with AgNO,? 


(1) Z Br (2) Br 
ae 
N 
(3) Br (4) Br 


The de Broglie wavelength (A) associated with a 
photoelectron varies with the frequency (v) of the 
incident radiation as, [v, is threshold frequency]: 


1 
oc hc 1 
” (v— V0) - (v-v,)4 
1 1 
ae 3 ne 
(v—v,)? (v—v,)? 


Which of the following compounds reacts with 
ethylmagnesium bromide and also decolourizes 


bromine water solution: 
(1) CN oO CN 

cy oom 
OH 
SS 


(3) OCHg 
SCH, 


(2) 
(4) 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 
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In the following compound, 
NH 
@, Sn) 
C2 
N nZ 
© H (e) 


the favourable site/s for protonation is/are: 
(1) (a) and (e) (2) (b), (c) and (d) 
(3) (a) and (d) (4) (a) 


Taj Mahal is being slowly disfigured and discoloured. 


This is primarily due to: 
(1) global warming (2) acid rain 


(3) water pollution (4) soil pollution 


The relative stability of + 1 oxidation state of Group 
13 elements follows the order: 


(1) Al<Ga<Tl<In (2) Tl<In<Ga<Al 
(3) Ga<Al<In<TIl (4) Al<Ga<In<TIl 


For the equilibrium, 2H,O = H,O* +OH , the value 
of AG® at 298 K is approximately: 


(1) 100 kJ mol" (2) -80 kJ mol! 
(3) 80 kJ mot! (4) -100 kJ mol 


The reaction that does NOT define calcination is: 
(1) Fe,O,-XH,O—*— Fe,@, XH,O 

(2) 2Cu,S+30, — 
(3) ZnCO,—- 
(4) CaCO,-MgCo, — 


2Cu,O 280, 


Zn® CO, 
Ca® Mg® 2CO, 


A compound ‘X’ on treatment with Br,/NaOH, 
provided C,H,N, which gives positive carbylamine 
test. Compound ‘X? is: 
(1) CH,COCH,NHCH, 
(3) CH,CH,CH,CONH, 


(2) CH,CH,COCH,NH, 
(4) CH,CON(CH,), 


Among the colloids cheese (C), milk (M) and smoke 
(S), the correct combination of the dispersed phase and 
dispersion medium, respectively is: 


(1) C: liquid in solid; M: liquid in solid; S: solid in gas 
(2) C: liquid in solid; M: liquid in liquid; S: solid in gas 
(3) C: solid in liquid; M: liquid in liquid; S: gas in solid 
(4) C: solid in liquid; M: solid in liquid; S: solid in gas 


The homopolymer formed from 4-hydroxy-butanoic 
acid is: 
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21. 


22. 


23. 


24. 


25. 


(1) ‘ ] (2) 7 f 
OC(CHy)3—O -- + C(CHp)20 

(3) To * 7 (4) |? 
C(CHs)2C —O -- + C(CH,)3—O 


K,Hgl, is 40% ionised in aqueous solution. The value 
of its van’t Hoff factor (7) is: 


(1) 1.6 (2) 1.8 
(3) 2.0 (4) 2.2 


25 mL of the given HCI solution requires 30 mL of 
0.1 M sodium carbonate solution. What is the volume 
of this HCI solution required to titrate 30 mL of 0.2 M 
aqueous NaOH solution ? 
(1) 25 mL 
(3) 50 mL 


(2) 75 mL 
(4) 12.5 mL 


The reaction 2X — B is a zeroth order reaction. If 
the initial concentration of X is 0.2 M, the half-life is 
6 h. When the initial concentration of X is 0.5 M, the 
time required to reach its final concentration of 0.2 M 
will be: 


(1) 9.0h 
(3) 18.0h 


(2) 12.0h 
(4) 7.2h 


Match the following items in List I with the 
corresponding items in List II. 


List I List 

(A) Na,CO,-10 H,O (P) Portland cement 
ingredient 

(B) Mg(HCO,), (Q) Castner-Kellner process 

(C) NaOH (R) Solvay process 

(D) Ca,Al,O, (S) Temporary hardness 


(1) (A) > Q); (B) > (R); (C) > (P); (D) > (S) 
(2) (A) > ®); (B) > (Q); (C) > (S); (D) > @) 
(3) (A) > GS); (B) > ); (©) > Q); D) > ®) 
(4) (A) > ®); (B) > (S); ©) > (Q); D) > @) 


The major product obtained in the following conversion 
is: 


CH3. ,0 


ng 
ie) Bry (1 eqv.) 
| MeOH 


26. 


27. 


28. 


29. 


Te lJEE Main-2019-(January, 1, Shift 2) {iO 


1 CH,. 0 oe O 
(1) y ) ot,_£ 
fe) OMe O Br 
Br See 
oO O 
(3) CH. 0 (4) CHs, ,0 


Major product of the following reaction is: 

“Cr 
OA 
eal 


The higher concentration of which gas in air can cause 
stiffness of flower buds? 


(1) NO, 
(3) SO, 


(i) HCI 
(ii) AIClg (Anhyd.) 


(1) 

cl 
(3) 

HO 


(2) CO, 
(4) CO 


The correct match between Item I and Item II is: 


Item I Item II 
(A) Ester test (P) Tyr 
(B) Carbylamine test (Q) Asp 
(C) Phthalein dye test (R) Ser 
(S) Lys 


(1) (A) > Q); B) > (S); (C) > @) 

(2) (A) > @); (B) > (Q); (C) > @) 

(3) (A) > @); (B) > (S); ©) > Q) 

(4) (A) > Q); B) > (S); (C) > @) 

The number of bridging CO ligand(s) and Co-Co 
bond(s) in Co,(CO),, respectively are: 

(1) 2and 1 (2) 2and0 

(3) Oand2 (4) 4and0 
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A 4KOH, 0, 2B+2H,0 (Green) In the above sequence of reactions, A and D, 
30. respectively, are: 
(1) Kl and KMnO, (2) MnO, and KIO, 


B 4HCl Mn 
3B —~—— 2€ MnG@, 2H,0 (Purple) (3) KIO,andMnO, (4) KI and K,MnO, 


2cC—#2! 24 2KOH D 
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In the Hall-Heroult process, aluminium is formed at 
the cathode. The cathode is made out of: 


(2) Carbon 
(4) Platinum 


(1) Pure aluminium 


(3) Copper 


The correct order for acid strength of compounds 
CH=CH,CH,-C=CH and CH, = CH, is as 
follows: 

(1) CH=CH>CH, =CH, >CH,-C=CH 

(2) CH, -C=CH>CH=CH>CH, =CH, 

(3) CH,-C=CH>CH, =CH, >HC=CH 

(4) HC=CH>CH,-C=CH>CH, =CH, 


Ina chemical reaction, A+2B——2C+D, the initial 
concentration of B was 1.5 times of the concentration 
of A, but the equilibrium concentrations of A and B 
were found to be equal. The equilibrium constant (K) 
for the aforesaid chemical reaction is: 


(1) 4 (2) 16 
1 
3) = 4) 1 
(3) Fi (4) 
Given 
Gas H, CH, CO, SO, 
Critical Temperature/K 33 190 304 630 


On the basis of data given above, predict which of the 
following gases shows least adsorption on a definite 
amount of charcoal? 


(1) SO, 
(3) CO, 


(2) CH, 
(4) H, 


Mn,(CO),, is an organometallic compound due to the 
presence of: 


(1) Mn-C bond 
(3) Mn-—O bond 


(2) Mn- Mn bond 
(4) C—O bond 


6. 


10. 


The major product of the following reaction is: 


CN 
(i) DIBAL-H 
O (ii) HgO* 
oO 

(1) CHO (2) CH=NH 

oO OH 

OH 
oO 

(3) CHO (4) CHO 

OH O 


A metal on combustion in excess air forms X. X upon 
hydrolysis with water yields H,O, and O, along with 
another product. The metal is: 


(1) Na (2) Rb 
(3) Mg (4) Li 


The molecule that has minimum/no role in the 
formation of photochemical smog, is: 


(1) N, (2) CH,=O 
(3) O, (4) NO 


The pair of metal ions that can give a spin-only magnetic 
moment of 3.9 BM for the complex [M(H,O),]CL,, is: 


(1) V** and Co** (2) V** and Fe”* 
(3) Co” and Fe** (4) Cr?* and Mn** 
For a diatomic ideal gas in a dosed system, which of 


the following plots does not correctly describe the 
relation between various thermodynamic quantities? 
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11. 


12. 


(1) 
Cp 
p 
(2) 
U 
+ 
(3) 
Cy 
7 
(4) 
Cy 
V 


Among the following compounds most basic amino 
acid is 

(1) asparagine. (2) lysine. 
(3) serine. (4) histidine. 

The increasing order of reactivity of the following 
compounds towards reaction with alkyl halides 
directly is: 


(A) fe) (B) fe) 
ve NH 
O 
(C) CN (D) NH> 
NH» Cy 


13. 


14. 


15. 


16. 


18. 
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(1) (B)<(A)<(©)< @) 
(2) (A)<(B)<(©)< @) 
(3) (B)<(A)<@)<© 
(4) (A)<(C)<(D) <@) 


Among the following four aromatic compounds, which 
one will have the lowest melting point? 


(1) f°) (2) CHs 
OH “So 
OH e: 

O CHg 


50 mL of 0.5 M oxalic acid is needed to neutralize 
25 mL of sodium hydroxide solution. The amount 
of NaOH in 50 mL of the given sodium hydroxide 
solution is: 


(1) 40g 
(3) 20g 


(2) 10g 
(4) 80g 


The volume of gas A is twice than that of gas B. The 
compressibility factor of gas A is thrice than that of 
gas B at same temperature. The pressures of the gases 
for equal number of moles are: 


(1) 3p, =2p, (2) 2p, = 3p, 
(3) P= 3P, (4) p.=2P, 
The hardness of a water sample (in terms of equivalents 
of CaCO,) containing 10°M CaSO, is: 
(Molar mass of CaSO, = 136 g mol"') 


(1) 10 ppm (2) 50 ppm 
(3) 90 ppm (4) 100 ppm 
OH 


| 
: a a cannot be prepared 


Ph 


(1) CH,CH,COCH, + PhMgX 
(2) PhCOCH,CH, + CH,MgX 
(3) PhCOCH, + CH,CH,MgX 
(4) HCHO + PhCH(CH,)CH,MgX 


Freezing point of a 4% aqueous solution of X is equal 
to freezing point of 12% aqueous motion of Y. If 
molecular weight of X is A then molecular weight of Y 
is: 
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19. 


20. 


21. 


22. 


23. 


24. 


(1) 3A (2) 2A 
(3) A (4) 4A 
The metal d-orbitals that are directly facing the ligands 


in K,[Co(CN),] are: 
(1) 4, and ds _,» 
(3) d,.,d,, and d_, 


(2) d. , andd_., 
(4) d,,d.and d,, 
Decomposition of X exhibits a rate constant of 


0.05 wg/year. How many years are required for the 
decomposition of 5 ug of X into 2.5 ug? 


(1) 50 (2) 25 
(3) 20 (4) 40 
The standard electrode potential E° and _ its 


fe} 


dE 
temperature coefficient (=) for a cell are 2 V and 


—5 x 10% VK" at 300 K respectively. The cell reaction 
is Zn(s) + Cu** (aq) — Zn** (aq) + Cu(s). The standard 
reaction enthalpy (A.H°) at 300 K in kJ mol” is, 
[Use R = 8 JK" mol"! and F = 96,000 C mol] 


(1) -412.8 (2) 384.0 
(3) 192.0 (4) 206.4 


The major product of the following reaction is: 


CO ee 


“& oo 


(i) Cl/CCl, 
Wp AIC, (anny) AICI, (anhyd.) 


(4) CHO 
CH30 


The element with Z = 120 (not yet discovered) will be 
an/a: 


(1) 
(2) 
(3) 
(4) 


inner-transition metal 
alkaline earth metal 
alkali metal 


transition metal 
In the following reaction 


Aldehyde + Alcohol—* > Acetal 


25. 


26. 


27. 


TelEE Main2019-(January, 12, Shift;1) {iRESS a 


Aldehyde Alcohol 
HCHO ‘BuOH 
CH,CHO MeOH 


The best combination is: 
(1) CH,CHO and ‘BuOH 
(2) HCHO and MeOH 
(3) CH,CHO and MeOH 
(4) HCHO and ‘BuOH 


Two solids dissociate as follows 
A(s) = B(g)+C(g); K, =x atm? 
D(s) = C(g) + E(g); K,, 
The total pressure when both the solids dissociate 


simultaneously is: 
(1) x+y atm (2) 2(/x+y) atm 
(4) x? + 7° atm 


(3) (w+y) atm 


= y atm? 


In the following reactions, products A and B are: 
O 
dil.NaOH 
Fs [A] 
H 
Ss’ HgC CH 
HgO* 
[A] —,> IB] 
(1) O O 
CH3 CH3 
A = CH3 3 B = CH3 
HO 
2) O O 
CH, CH, 
A= CH3; B= CH; 
HO 


CH 


3) 
OH I 0 
\ 3 
H5C H 
A= ;B= 
H,C H3C 
CH, CH, 
9) 
HC ' 
sc 
CH, 


H 


(4) oH OO 
HgC o 
3C 
CH, 
What is the work function of the metal if the light 


of wavelength 4000 A generates photoelectrons of 
velocity 6 x 10° ms! from it? 
(Mass of electron = 9 x 10°3' kg 
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28. 


29. 


Velocity of light = 3 x 10° ms"! 
Planck’s constant = 6.626 x 10 ** Js 
Charge of electron = 1.6 x 10°! JeV') 


(1) 0.9 eV (2) 3.1eV 
(3) 2.1eV (4) 4.0 eV 
Iodine reacts with concentrated HNO, to yield Y along 


with other products. The oxidation state of iodine in Y, 
is: 


(1) 5 Oy 7 
(3) 3 (4) 1 


Poly-B-hydroxybutyrate-co-B-hydroxyvalerate(PHBV) 

is a copolymer of . 

(1) 3-hydroxybutanoic acid and 4-hydroxypentanoic 
acid 

(2) 2-hydroxybutanoic acid and 3-hydroxypentanoic 
acid 


30. 
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(3) 3-hydroxybutanoic acid and 2-hydroxypentanoic 
acid 

(4) 3-hydroxybutanoic acid and 3-hydroxypentanoic 
acid 

Water samples with BOD values of 4 ppm and 18 ppm, 

respectively, are: 

(1) Clean and clean 

(2) Highly polluted and clean 

(3) Clean and highly polluted 

(4) Highly polluted and highly polluted 
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8 g of NaOH is dissolved in 18 g of H,O. Mole fraction 
of NaOH in solution and molality (in mol kg™') of the 
solution respectively are: 


(1) 0.2, 22.20 
(3) 0.167, 11.11 


(2) 0.2, 11.11 
(4) 0.167, 22.20 


The magnetic moment of an octahedral homoleptic 
Mn(I) complex is 5.9 BM. The suitable ligand for this 
complex is: 


(1) ethylenediamine 
(3) NCS” 


(2) CN- 
(4) CO 


The element that does NOT show catenation is: 
(1) Ge (2) Si 
(3) Sn (4) Pb 


Among the following, the false statement is: 


(1) It is possible to cause artificial rain by throwing 
electrified sand carrying charge opposite to the one 
on clouds from an aeroplane. 


(2) Tyndall effect can be used to distinguish between a 
colloidal solution and a true solution. 


(3) Lyophilic sol can be coagulated by adding an 
electrolyte. 


(4) Latex is a colloidal solution of rubber particles 
which are positively charged 


The correct structure of histidine in a strongly acidic 
solution (pH = 2) is: 


@ 8 
) WWN—CH—cod 


NH 
/ D 
No 
H 


H,N—CH—COOH 


by 


6. 


@ @ 
@ yn—cH—coon 4) N—cH—co08 


® 
NH, 


[ lS 


N 


The major product of the following reaction is: 


H3C rao NH 
O 


(i) NaNO,/H* 


> 
(ii) CrO/H* 
(iii) H,SO,(cone.), A 


(1) “OQ 
O 
(2) see 
POR 
O 


(3) fe) 
Hy fe) 
Y YY 
O 
fe) 


a for NaCl, HCl and NaA are 126.4, 425.9 and 
100.5 S cm’mol", respectively. If the conductivity of 
0.001 M HA is 5 x 10° S cm'', degree of dissociation 


of HA is: 
(1) 0.50 
(3) 0.125 


(4) 


(2) 0.25 
(4) 0.75 
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8. Molecules of benzoic acid (C,H,COOH) dimerise in (C) (D) 
benzene. ‘w’ g of the acid dissolved in 30 g of benzene 
shows a depression in freezing point equal to 2 K. If PVin 
the percentage association of the acid to form dimer in U 
the solution is 80, then w is: 
(Given that K,= 5 K kg mol, Molar mass of benzoic 
O p O 


acid = 122 g mol’) 


Vin 

i) GA 2) 1.0 
. — : 1 ts (1) (B) and (D) (2) (A) and (C) 
| | (3) (B) and (C) (4) (A) and (D) 


9. Chlorine on reaction with hot and concentrated sodium 
hydroxide gives: 


(1) CI and Clo; HBr (Excess) 
(2) Cl and ClO” CHO CH= GH —CHy——ea 


(3) ClO; and ClO; 


: c (1) 
(4) Cl and Clo, HO CH,—CH—CH, 
| 
Br 


10. The major product of the following reaction is: 


12. The major product in the following conversion is: 


CH,CH3 (2) 
: NaOEt HO CH—CH,—CHg3 
H,C BC —aCl a, > i 
z r 
COOCH;CH, 
(3) 
(1) enene e CH;0 it CH, CH, 
CO,CH,CH, BE 
(4) 
(2) COsCHACHs CH,O ee 
CH3C =CHCH3 Br 
(3) CH2CH3 13. The major product of the following reaction is: 
C jor p g 
7 O 
H3C BC —#OCH2CH3 
E NaBH, 
COOCHsCHs EIOH 


11. The combination of plots which does not represent 
isothermal expansion of an ideal gas is: 


(4) OCH,CH, (OY 08 
HsCH,C m= 6 =x CO,CH,CHs Q 

OEt 
“oO 


(A) (B) 
14. The correct order of atomic radii is: 
e P (1) N>Ce>Eu>Ho (2) Ho>N>Eu>Ce 
(3) Ce>Eu>Ho>N (4) Eu>Ce>Ho>N 
O IV, V,, 15. The element that shows greater ability to form pz - pz 


multiple bonds, is: 
(1) Sn (2) C 


(3) Ge (4) Si 
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16. 


17. 


18. 


19. 


20. 


The two monomers for the synthesis of nylon 6, 6 are: 
(1) HOOC(CH,),COOH, H,N(CH,).NH, 
(2) HOOC(CH,),COOH, H,N(CH,).NH, 
(3) HOOC(CH,),COOH, H,N(CH,),NH, 
(4) HOOC(CH,),COOH, H,N(CH,),NH, 


The aldehydes which will not form Grignard product 
with one equivalent Grignard reagents are: 


(B) CHO 
we) 


(C) CHO 
okt 

(D) CHO 
ued 


(1) (B), (D) (2) (B), (©) 
(3) (B), (©), (D) (4) (C), (D) 
Given: 


(i) C (graphite) + O,(g) + CO,(g); A,H° = x kJ mol 
(ii) C (graphite) +508) — CO,(g); A,H° = y kJ mol"! 
(iti) CO(g) +508) —CO,(g); A.H° =z kJ mol"! 


Based on the above thermochemical equations, find 
out which one of the following algebraic relationships 
is correct? 


(lI) x=y+z (2) z=xty 
(3) y=2z-x (4) x=y-z 
The volume strength of 1 M H,O, is: (Molar mass of 


H,O, = 34 g mol") 


(1) 5.6 (2) 16.8 
(3) 11.35 (4) 22.4 
The correct statement(s) among I to III with respect to 


potassium ions that are abundant within the cell fluids 
is/are: 


(A) They activate many enzymes. 

(B) They participate in the oxidation of glucose to 
produce ATP. 

(C) Along with sodium ions, they are responsible for the 
transmission of nerve signals. 


TeHRR Manco? dower 2 Shit? a 


(1) Aand B only 
(2) Aand C only 
(3) A, BandC 
(4) Conly 


21. The compound that is NOT a common component of 


22. 


23. 


24. 


photochemical smog is: 
(1) 0, (2) a ae 


oO 
(3) CH,=-CHCHO (4) CF,Cl, 
For a reaction, consider the plot of In & versus 1/T 
given in the figure. If the rate constant of this reaction 
at 400 K is 10° s"', then the rate constant at 500 K is: 


Slope = —4606 K 
Ink 
1/T 
(1) 10°%s! (2) 2x10%s! 
(3) 10%s1! (4) 4x10%s! 
An open vessel at 27°C is heated until two fifth of the 


air (assumed as an ideal gas) in it has escaped from 
the vessel. Assuming that the volume of the vessel 
remains constant, the temperature at which the vessel 
has been heated is: 


(1) 500°C (2) 500K 
(3) 750°C (4) 750K 
The major product of the following reaction is: 
H3C 
rls HCI 
—_———> 
H 
(1) CH,—Cl 
CH3 
H 
(2) CHg 
CH3 
H 
Cl 
(3) CH; 
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(4) CHg 
CH3 
Cl 
H 


25. The increasing order of the reactivity of the following 
with LiAIH, is: 


4 


(A) O 
CoH, NH, 
(B) fe) 
nee OCH; 
(C) fe) 


ea Cl 
D) fe) fe) 


(1) (B)<(A)<(©)<(@) 
(2) (B)<(A)<(D)< ©) 
(3) (A)<(B)<(@)< © 
(4) (A)<(@®)<©<(@) 


( 


26. The pair that does NOT require calcination is: 
(1) ZnO and MgO 
(2) ZnO and Fe,O, -xH,O 
(3) ZnCO, and CaO 
(4) Fe,O, and CaCO,-MgCO, 


27. 


28. 


29. 


30. 
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The major product of the following reaction is: 


CH,CH,CH—CH, |) KOH ale. 
| | (ii) NaNHy 
Br Br in liq NH 
(1) CH,CH =C= CH, 
(2) Cigna ne 
NHs NH» 
(3) CH,CH = CHCH,NH, 


(4) CH,CH,C =CH 


If K, of Ag,CO, is 8 x 10°'*, the molar solubility of 
Ag,CO, in 0.1 M AgNO, is: 

(1) 8x10 "°M (2) 8x10"M 

(3) 8x 10'°M (4) 8x102M 


The upper stratosphere consisting of the ozone layer 
protects us from the Sun’s radiation that falls in the 
wavelength region of: 


(1) 200-315 nm 
(3) 0.8-1.5nm 


(2) 400-550 nm 
(4) 600-750 nm 


If the de Broglie wavelength of the electron in n™ 
Bohr orbit in a hydrogenic atom is equal to 1.5 za, 
(a, is Bohr radius), then the value of n/Z is: 


(1) 0.40 (2) 1.50 
(3) 1.0 (4) 0.75 
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*CHEMISTRY - JEE Main 2019 (January)- Answer Key 


JANUARY 9, SHIFT 1 
1.(1) 2. (4) 3. (3) 4. (1) 5. (4) 6. (3) 7. (4) 8. (1) 9.(3) 10. (2) 
1. (3) 12.(2) 13. (3) 14.(11) 15.(1)—s:*116.(4)—s«17.(4)—s:18.2) ~—:19. 3) ~~ 20.3) 
21. (1) 22.(4) 23.3) 24.(3) 25.(1) ~—-26.(1) ~—-27.(3) ~~ 28.2) ~~ 29.(2) ~~ 30.(4) 
JANUARY 9, SHIFT 2 
1. (4) 240) 3. (3) 4. (3) 5. (3) 6. (4) 7. (3) 8. (2) 9.(2) 10. (2) 
11.(4)  12.(1) 13.3) 14.(1) -15.(2) —-16.(3) ~—-17.(2) ss «18.(4) ~—-19.(3) ~~ 20.(1) 
21.(3)  -22.(1)_~—s«23.3) 24.(1) 25.(4) ~—-26.(2) ~—s27.(4) ~—-28.(4) 29.3) ~~ 30.1) 
JANUARY 10, SHIFT 1 
1. (4) 2. (3) 3. (2) 4. (1) 5. (1) 6. (1) 7. (1) 8. (2) 9.(N*) 10. (3) 
11. (1) 12.(1) 13.(22) 14.) ~—-15.(2)—s:*16.(3)~—s«17.(2)Ss«d18. (4) 19.2) 20.1) 
21. (2) 22.(2) 23.(4) 24.11) 25.(2) 26.(4) ~=27.(3) ~—-28.(4) ~—- 29.3) ~~ 30.(4) 
JANUARY 10, SHIFT 2 
1. (3) 2. (1) 3. (1) 4. (3) 5. (1) 6. (4) 7. (3) 8. (4) 9.(3)  10.(1) 
(1) -12.(4) 13.) 14.(4)—15.(4) 16. (4) ~—:17.(4) 18. (2) 19.(3)  20.(4) 
21.(2) 22.(2) 23.(4) 24.(2) = 251) 26.(1)  —-27.(1)~—s«28. (4) 29.(2) 30. (4) 
JANUARY 11, SHIFT 1 
1. (4) 2. (4) 3. (3) 4. (4) 5. (2) 6. (4) 7. (1) 8. (1) 9. (2) 10. (1) 


u.(2) 12.2) 13() 1406) 15.71) 162) 17.3)  18(1)  19.(4) — 20.(2) 
21.(3)  22.(1) —s-23.(2)~—Ss24.(2)—Ss«25.(3)—Ss—si26. (1)—S—«72(2)s'(<as«éi8(4)———s«.Q)-——s«80.(1) 
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JANUARY 11, SHIFT 2 

1. (3) 4.(1) 3. (4) 4. (3) 5. (1) 6. (4) 71) 8. (3) 9.(2) 10. (2) 

(4) 12.(4) 13.2) :14.2) 15.(4) 16.(3) ~—-:17.(2)—:18.(3) ~—-19.(2) 20. (4) 

21.(2) 22.(1) 23.) ~—-24.(4) 25 (1) 26.(4)  -27.(3) —-28.(1) ~— 29.1) ~—-30.(2) 
JANUARY 12, SHIFT 1 

1. (2) 2. (4) 3. (1) 4. (4) 5. (1) 6. (3) 7. (2) 8. (1) 9.(1)  10.(1) 


u.(2) 12(1) 13.(4) 14(°N*) 15.2) =16.(4)—-'17.(4)—s«18.(1)—s«19.(2) ~——20.(1) 
21.(1) = 22.(4)~—s-23.(2)~—ss 24.2) ~—Ss 252) 26.(1) 27.3)  28.(1) ~—-29.(4) ~—- 30.3) 


JANUARY 12, SHIFT 2 


1.6) 2. (3) 3. (4) 4. (4) 5. (3) 6. (1) 7. (3) 8. (1) 9. (1) 10. (2) 
11. (1) 12. (2) 13. (2) 14. (4) 15. (2) 16. (1) 17. (1) 18. (1) 19.(3) — 20.(3) 
21.(4) 22.3) = 23.(2)~—Ss«24.(4) ~~ 253) 26.(1)  -27.(4) ~—-28.(3) ~—-29.(1)_~—s30.(4) 


* For complete solution visit https://www.wileyindia.com/current-year-solved-paper 


Note: 
e (N*) indicates question dropped. Candidate awarded full marks. 


https://telegram.me/unacademyplusdiscounts 


Telegram @unacademyplusdiscounts 


Avogadro’s constant, 24, 129 
Avogadro’s law, 19 


Absolute zero temperature, 126, 515 Avogadro’s number, 129 
Absorption spectrum, 288 Avogadro’s principle, 129 
Accuracy, 7-8 Axis of Symmetry, 209-210 
Accelerating potential voltage, 305 Azeotropes, 569-570 


Acidimetry, 90 
Acids and bases, 673-678 
acid—base indicators, 83, 673, 724 


acid-base neutralization, 694-695, 677-678 Back bonding, 384-389 
acid-base titrations, 90, 719-723 Back titration, 95-96 
factors affecting, 692-695 Balance, 13 
ionization, 679, 692-695 Balancing of chemical equations, 32-33 
relative strength, 678, 688-690 Band theory, 420-421 
Activity series, 66-68 Barometer, 121 
Actual yields, 36 Batteries, 801-803 
Adsorption, 912-915 Bent’s rule, 380 
applications of, 924-925 Beta decay, 968-969 
factors affecting, 915-918 Blackbody radiation, 287-288 
isotherms, 918-924 Bohr’s model for hydrogen atom, 289-302 
multilayer, 922-923 Bohr-Sommerfeld model for hydrogen atom, 302 
Alkalimetry, 90 Boltzmann constant, 151 
Alkaline dry cell, 801 Bonding molecular orbital, 409 
Alpha decay, 968 Bond dissociation enthalpy, 487 
Amalgam electrode, 783 Born-Haber cycle, 391-393 
Angular wave function, 314-319 Born Lande’s equation, 391 
Anode ray experiment, 275 Boyle’s law, 122-124 
Antibonding molecular orbital, 409 Bragg’s law, 244-248 
Antifluorite structure, 240 Bravais lattices, 212-213 
Aqueous tension, 41 Breeder reactor, 990-991 
Argentometric titrations, 88 Bridge bonding, 387-389 
Arrhenius theory, 883-885 Brownian movement, 942 
Atmospheric pressure, 2 Buffer capacity, 713-714 
Atom, 2 Buffer range, 715 
electronic configuration of, 328-333 Buffer solutions, 710-715 


formal charge on, 358-360 
magnetic properties, 256-257 
nucleus, 277 


structure of, 965 Caesium chloride (CsCl), 239-240 
Atomicity, 5 Calomel electrode, 769 
Atomic mass unit (amu), 21 Calorimetry, 471-474 
Atomic models Cannizaro method, 21 
quantum model, 2 Carnot cycle, 494-497 
Rutherford’s nuclear model, 276-280 Catalysis, 888, 925-928 
Thomson model, 276 enzyme, 929, 931-934 
Atomic weight of an element, 21 heterogeneous, 928-930 
Aufbau principle, 328 in industry, 935-936 
Average atomic mass, 21 shape-selective, 931 


Average speed, 152, 156 Catalyst, 926 


2 


°C atom, 21, 23 
Celsius scale, 15 
Center of symmetry, 210 
Charge and mass balance, 697-698 
Charles’ law, 125-127 
Chemical equations 
balancing of, 32-33 
stoichiometry and stoichiometric calculations, 33-34 
Chemical equilibrium, 615-616 
Chemical properties, 2, 282 
Chemical reaction, rate of, 840-844 
factors influencing, 844-845 
Chemisorption, 914-915 
Chloride formation method, 78 
Clausius-Clapeyron equation, 179 
Close-packing in crystals, 221-224 
Closed system, 440 
Coagulation, 945-947 
Collision diameter, 159 
Collision theory, 891-893 
Colloids, 935-939 
in industry, 949-951 
preparation, 939-940 
properties of, 941-945 
protection of, 947 
purification of, 940-941 
Combined gas law, 130 
Common ion effect, 672-673 
Complexometric indicators, 83 
Complexometric reactions, 82 
Complexometric titrations, 87-88 
Complex reactions, 847 
Compounds, 2 
Compressibility factor, 167-171 
Concentration cells, 784-789 
Concentration terms, 38-41 
Conductometric titrations, 818-819 
Consecutive reactions, 847-877 
Continuous spectrum, 288 
Conversion factor, 17 
Coordinate bond/dative bond, 361-362 
Corrosion, 798-800, 695 
Covalent bond 
electronegativity of, 394-395 
formation of, 360-361 
ionic character in, 397 
Lewis representation, 260 
octet rule, 352-353 
polarity of, 397 
types, 353-354 
Covalent network solids, 205-207 
Critical temperature, 178 
Crookes tube, 272 
Crystal or crystalline solid, 202-206 
calculations, 214-215 
defects in, 248-253 
Crystal systems, 211-213 
Cubic lattice, 215-220 
Cubic meter, 13 


D 


Dalton’s atomic theory, 4 
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de Broglie equation, 306-308 

Density, 14 

Depression in freezing point, 578-580 
Differential rate equation, 845-847 
Diffusion, 145 

Dimensional analysis, 17-18 
Dipole-dipole intermolecular forces, 179 
Dipole-dipole or Keesom forces, 421 
Dipole-induced dipole or Debye forces, 422 
Dipole moment, 398-403 

Dispersion (London) forces, 180 
Displacement reactions, 59-60 
Distillation, 569 

Dithermal or adiabatic boundary, 440 
Double decomposition method, 78 
Double titration, 93-95 

Drago’s rule, 383 

Drycell, 801 

Dulong and Petit’s law, 21 


Effective nuclear charge, 327-328 
Effusion, 145 
Electrochemical cells, 759-762 
Electrochemical series, 769-771 
Electrode potential, 762-767 
measurement of, 767-771 
Electrodes, types of, 782-783 
Electrolysis, 789-798 
Electrolytes, 807 
conductance in solutions of, 809-818 
ionization of, 670-673 
weak and strong, 669-670 
Electrolytic cells, 789-798 
Electrolytic conductance. see electrolytes 
Electromagnetic radiation, 285-287 
Electromagnetic wave, 285 
Electrometallurgy, 800 
Electron 
discovery of, 272-274 
Millikan oil drop experiment, 273-274 
Thomson experiment, 272-274 
Electronic configuration, 328 
Electronic theory of valency, 349-350 
Electron spin, 324 
Electroplating, 799-800 
Electrovalent bond (or ionic bond) 
Lewis representation, 350-351 
octet rule, 352-353 
Elementary reactions, 847 
Elements, 2 
Elevation of boiling point, 574-576 
Emission spectrum, 288-289 
Empirical formula of a compound, 29-32 
Emulsions, 948-949 
End-point, 83 
Enthalpy 
bond dissociation, 487-489 
lattice, 491-492 
of atomization, 484—485 
of bond, 487-489 
of formation, 475-476 


Dalton’s law of partial pressures, 1495149. telegram.me/unacadalrypHietigentants®+ 


of reaction, 476-478 

of solution, 485 
Equation of state, 132 
Equilibrium constants, 621, 631 
Equilibrium law, 620 
Equivalence point, 719 
Equivalent mass, 77-80 
Equivalent weight, 81-82 
Eriochrome black T (EBT), 87 
Ethylenediamine tetraacetic acid (EDTA), 87 
Exact numbers, 9 
Excluded volume per mole, 186 
Exothermic reactions, 474 
Extensive property, 441 
External indicator, 84 


F 


Fahrenheit scale, 15 

Fajans’ rules, 394, 396-398 
Faulty barometer, 21-22 
Filtration, 925 

First order reactions, 857-860 
Fluorite structure (CaF,), 239 
Formula mass, 22—23 

Fuel cells, 804-805 


G 


Gamma emission, 969 
Gas-gas ion half-cell, 782 
Gas(es) 
adiabatic expansion, 465-469 
characteristics of, 120-121 
collision frequency, 159 
critical constants of, 171 
density and molar mass measurement of, 133 


expansion and compression of an ideal, 462-470 


heat capacity, 175-177 

ideal gas law, 131-138 

Joule-Thomson effect, 173 

laws, 122-131 

liquefaction of, 171-174 

molar mass, 145 

specific heat, 175-176 
Gay-Lussac’s law 

of gaseous volumes, 19 

relationship between temperature and 

pressure, 127-128 

Gibbs—Duhem equation, 512 
Gibbs energy, 503-507, 508-515 

chemical equilibrium and, 642-645 
Gibbs—Helmholtz equation, 772 
Graham’s law, 145-149 
Gram equivalent, 80, 811 
Gravimetric analysis, 42 


H 


Half-life of reactions, 870-875 
Hardy-Schulze law, 946 

Heat of fusion, 616 

Heat of vaporization, 617 
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Henry’s law, 545-547 

Hess’ law of heat summation, 481 
Heterogeneous mixture, 3 

Heteronuclear diatomic molecules, 418-419 
High velocity range, 155 

High velocity region, 155 

Homogeneous equilibrium, 628 
Homogeneous mixture, 3 

Homonuclear diatomic molecules, 415-418 
Hund’s rule of maximum multiplicity, 328 
Hybridization, 367-376 

Hydrogen bonding, 405-409 

Hydrogen displacement method, 78 
Hydrogen-oxygen fuel cell, 805 


Ideal gas behavior, 162-167 
Ideal gas constant, 132 
Ideal gas law, 131-132 
Impact parameter, 278-279 
Indicators, 724-727 


Instantaneous dipole-induced dipole interaction, 422 


Instantaneous rate of reaction, 842-844 
Intensive properties, 5 
Internal indicator, 84 
International System of Units (S. L.), 11-12 
Inversion temperature, 67, 173, 470-471 
Jodine titration 
iodimetry, 85 
iodometry, 85 
Ion-dipole interactions, 423 
Ion-induced dipole interactions, 423 
Ionic bonding, 389-393 
Ionic mobility, 797 
Tonic radius, 233-234 
Tonic solids, 204 
Ionization 
of acids and bases, 679-681 
of electrolytes, 670-672 
of polyprotic acids, 690-692 
of water, 682-683 
Irreversible process, 443-444 
Isobars, 281 
Isochore, 128 
Isodiaphers, 282 
Isolated system, 440 
Isotherm, 77 
Isothermal expansion, 77 
Isotones, 282 
Isotopes, 281 


J 


Joule-Thomson effect, 173-174 


K 


Kelvin temperature scale, 15, 126 

Kilogram (kg), 13 

Kinetic molecular theory of gases, 149 
kinetic energy of gas molecules, 151 
kinetic gas equation, 156-157 


Heisenberg’s uncertainty principle 083496 |egram.me/unacatsiyprssdiscdunts 
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prediction of gas laws, 150 
Kohlrausch’s law, 812-815 


L 


Langmuir equation, 921-922 
Lattice enthalpy, 391 
Lavoisier—Laplace law, 481-482 
Law of 
chemical equivalence, 82 
conservation of mass, 18 
definite proportions, 4, 18-19 
isomorphism, 21 
multiple proportions, 19 
chemical combination, 18-19 
photoelectric effect, 203 
Le Chatelier’s principle, 302-305 
Lead storage cell, 802-803 
Lennard jones potential, 422 
Leveling effect, 675 
Lewis structures of simple molecules, 356-357 
Lewis symbol, 351-352 
Limiting reagent, 35-36 


Linear combination of atomic orbitals (LCAO), 409-413 


Line spectra, 288, 299-301 
Liquids, 177 
boiling point, 407 
capillary action, 181 
common properties of, 177 
intermolecular forces in, 179-180 
melting point, 178 
surface tension, 180-182 
vapour pressure of, 557-558 
viscosity, 180-182 
Liquid junction potential, 762 
Liquid—vapor equilibrium, 616-618 
London force, 422 
Lithium batteries, 803 
Low velocity range, 155 
Low velocity region, 155 


M 


Magnetic properties, 256-257 
Mass, 13 
Mass action expression, 620 
Mass by volume (w/V) percentage, 38-39 
Mass of a mole/molar mass, 27 
Mass percent (w/w), 38 
Mass spectrometer, 20 
Matter, 1 
classification of, 2 
defined, 1 
dual nature of, 305-308 
physical states of, 1-2 
Maxwell’s speed distribution law, 154 
Mean bond enthalpy, 487 
Mean free path, 160-161 
Measurements, 6 
accuracy of, 7-8 
precision of, 7-8 
Melting, 5 
Metallic bonding, 419-421 
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Metallic conductors, 807 

Metallic solids, 204—206 

Metallic zinc, 66 

Metal-metal ion half-cell, 782 

Metal insolule-metal salt anion half-cell, 783 
Metal-to-metal displacement method, 78 
Mercury cell, 802 

Miller indices, 245-246 

Mixtures, 2-3 

Mohr’s method, 89 

Molality, 41, 549-550, 552, 554 

Molarity of a solution, 549 

Molar masses, 23—25, 587 

Mole concept, 23-25 

Molecular diameter, 892 

Molecular formula of a compound, 30 
Molecularity of a reaction, 848, 852 
Molecular mass, 20-21 

Molecular orbital (MO) theory, 409-413 
Molecular solids, 203-204 

Molecular speeds of gas molecules, 152 
Molecules, 5 

Mole fraction, 39-41, 142-143 

Most probable speed, 152-153 

Mullikan oil drop experiment, 273 
Mulliken’s scale, 395-396 


N 


Nature of waves, 284 

Negative exponent, 7 

Nernst equation, 774-776 
Neutralization reactions, 90 
Neutralization titrations, 90-91 
Neutron 

discovery of, 274-275 
Nickel-Cadmium cell, 803 
Non-primitive unit cells, 211-212 
Normality, 549 

equation, 79 

Nuclear disintegration theory, 964 
Nuclear fusion, 991-992 

Nuclear isomers, 282 

Nuclear medicine, 998 

Nuclear reactions, 987-992 
Nuclear reactor, 989-990 


O 


Observations, 6 

Octahedral voids, 228-232 

Octet rule, 352-355 

Oleum, 98 

Open system, 440 

Orbitals, 320-324 
energies of, 325 

Order of a reaction, 848-851 

Order of simple reactions, 882-883 

Osmotic pressure, 582-585 

Ostwald’s dilution law, 670-671 

Oxidation-reduction reactions, 59-61 
as electron transfer reactions, 64-65 
displacement reactions, 66-68 
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n-factor of oxidizing agent, 69-70 


oxidation number and state, potential, 51-58 


Oxide formation method, 78 


P 


Packing efficiency, 224-228 
Packing fraction, 224-228 
Parallel reactions, 847, 878-879 
Partial pressure of gas, 140-141 
Parts per million (ppm), 87, 548-549 
Pauling’s scale, 395 
Pauli’s exclusion principle, 328-331 
Payload, 138 
Percentage composition, 28-30 
Percent by mass, 38 
Percent yield, 36 
Permanent hardness, 87-88 
Perovskite structure, 240 
PH concept, 682-684 

of buffer solution, 711-715 

hydrolysis reaction and, 702-708 

solubility and, 737 
Photoelectric effect, 302—303 
Photoelectrons, 303 
Physical equilibrium, 616-618 
Physical properties, 5 
Physical quantities 

density, 14 

mass, 13 

temperature, 15 

volume, 13-14 

weight, 13 
Physical states, 1-2 
Physisorption, 914 
Plane of symmetry, 207-209 
Plank’s quantum theory, 287-288 
Positive exponent, 7 
Potassium dichromate titration, 85 
Potassium permanganate titration, 83-84 
Potentiometric titration, 787-789 
Precipitation indicators, 83 
Precipitation method, 42 
Precipitation reaction, 82 
Precipitation titrations, 88-89 
Precision, 7-8 
Pressure, units of, 121-122 
Pressure correction, 164-167 
Pressure—volume law, 122-124 
Primary cells, 801-802 
Primary standard solution, 83 
Primitive unit cells, 211 


Principle of Atom Conservation (POAC), 37 


Protons, discovery of, 274-275 
Pseudo-order reactions, 855-856 
Pure substances, 2 


Q 


Qualitative observations, 6 
Quantum mechanics, 191 
Quantum numbers, 271-272 
Quarks, 275 
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Radial wave function, 315-317 
Radioactivity, 872 
activity of radioactive substances, detection and 
units of, 978-983 
applications of, 995-998 
binding energy and nuclear stability, 973-975 
biological effects of, 992-995 
decay mechanism in neutron-rich and neutron-poor 
nuclides, 970-971 
induced, 983-986 
natural, 983-984 
radioactive decay, 968-969, 995-996 
radioactive equilibrium, 978-979 
radioactive series, 984 
Radius ratio rule, 234-236 
Raoult’s Law, 557-558 
Rate constant, 845-846 
Reactants, 32 
Real or imaginary boundary, 440 wo 
Redox indicators, 83-84 . 
Redox half-cell, 783 Unacadenyplusdigcounts 
Redox reactions, 51 
applications of, 97-100 
balancing of, 70-75 
stoichiometry of, 81-82 
titrations, 84-96 
types, 58-61 
Redox titration, 84-96 
Reference electrodes, 767-771 
Relative humidity, 141-142 
Relative masses, 20 
Residual entropy, 516 
Resonance structure, 403-404 
Reversible process, 443 
Reversible or opposing reactions, 880-881 
Rigid or flexible boundary, 440 
Rock salt structure, 237-238 
Root mean square (rms) velocity, 151 
Rounding off numbers, 10 
Rutile structure, 241-242 


s 


Salt and weak acid titration, 90-91 
Schrédinger’s wave equation, 312-313 
Scientific notation, 6-7 
Secondary standard solution, 83 
Second order reactions, 860-861 
Secondary cells, 802-803 
Self-indicator, 84 
Sidgwick-Powell theory, 376 
Significant figures (significant digits), 8-10 

rules for counting, 9 

rules for rounding off numbers, 10 
Simultaneous equilibrium, 646 
Sodium chloride (NaCl), 22 
Solid—liquid equilibrium, 616 
Solids, 201 

classification of, 201-206 


Quantitative observations, —_ttps://telegram.me/unacatislenyprssenBeBins te 257 
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electrical properties of, 253-256 

magnetic properties of, 256-257 
Solid—vapor equilibrium, 617 
Solubility, 539-540, 542-543 

application of, 741-742 

of sparingly soluble salts, 727-732 
Solute, 38, 540-541 
Solution 

buffer, 710-719 

colligative properties, 941-944 

enthalpy of, 485-486 

ideal, 564-565 


methods for expressing concentration of, 547-550 


non-ideal, 568-570 

types, 537-538 

vapor pressure of, 38 
Solvent, 38, 540-541 
Spectroscopy, 288 
Sphalerite, 438-439 
Spinel structure, 242-243 
Spin quantum number, 324 
Spontaneous fission, 969 
Spontaneous processes, 493 

entropy and, 497-503 

Gibbs energy and, 503-507 
Stability, 413-414 
Standard atmosphere (atm), 121 
Standard conditions of temperature and 

pressure (STP), 129 

Standard molar volume of a gas, 129 
Standard solution, 82 
Stoichiometric coefficients, 84 
Stoichiometry, 84-85 

of precipitated salts, 738-739 
Stopping potential, 305 
Strong acid-strong base titration, 90,720 
Sublimation, 501 
Subshells 

stability of, 332 


T 


Temperature, 15-16 
Temporary hardness, 87 
Tetrahedral voids, 288-230 
Theoretical yield, 36 
Theory of indicators, 724-727 
Thermochemical equations, 479-481 
Thermochemistry, 474-478 
laws of, 481-482 
Thermodynamics, 439 
of a cell, 771-772 
energy in, 444-451 
first law, 452-454 
fundamentals of, 440-444 
heat capacity, 175-176 
heat content/enthalpy (7), 458-461 
Joule-Thomson effect, 470-471 
second law, 507-508 
thermodynamic processes, 443-444 
third law, 515-517 
zeroth law, 444 
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Thermodynamic scale, 126 
Third order reactions, 862-867 
Threshold frequency, 303 
Titrant, 719 

Titrate, 719 

Torr, 122 

Total wave function, 318-319 
Transmutation, 986-987 
Transport (transference) number, 796-797 
Triple point, 120 

Trouton’s rule, 501 

Tyndall effect, 942 

Types of electrodes, 782-783 


U 


Uncertainties (errors), 6 
Unified mass, 21 

Unit, 6 

Unit cell, 207 

Unit factor, 17 


Vv 


Valence bond (VB) theory, 362-366 
Valence shell electron pair repulsion model 
(VSEPR model), 376-383 
van der Waals constants, 164-165 
critical constants in, 172 
van der Waals equation, 164-165 
van’t Hoff equation, 513-514 
Vapor density of a chloride, 21 
Vapor of the substance, 172 
Vapor pressure, 141 
of liquids, 177-178 
of solids, 179 
Virial equation, 168-169 
Volatilization method, 42 
Volhard’s method, 89 
Volume, 13-14 
Volume percentage (V/V), 38 
Volumetric analysis, 82-83 


Ww 


Wave mechanics, 271 

Wave-particle duality of matter and energy, 271 
Weak acid and strong base titration, 90, 720 
Weak base and strong acid titration, 91,723 
Weak acid weak base titration, 91 

Weight, 13 

Weston cadmium cell, 802 


X 
X-ray diffraction (XRD), 244-246 


Z 


Zero order reactions, 856-859 
Zinc blende (ZnS) structure, 239-240 
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